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A B S T R A C T

Accurate beam range verification is critical in carbon-ion radiotherapy, where the sharp Bragg peak and complex 
material-dependent nuclear interactions pose greater measurement challenges compared to proton therapy; 
however, conventional water phantom methods for frequent and comprehensive checks required for routine 
quality assurance (QA) are extremely time-consuming. This study proposes and validates a framework using a 
commercial multi-layer ionization chamber (MLIC) to enable efficient, accurate, and comprehensive range 
verification.

The framework integrates three key innovations: (1) a beam-model-based fitting method that uses reference 
integral depth-dose curves to reduce range determination uncertainty for carbon ions, (2) a time-optimized, 
trigger-free acquisition process, and (3) a custom gantry-compatible mount for stable multi-angle measure
ments. The framework’s measurement uncertainty was evaluated via range-shift experiments, and its clinical 
feasibility was tested through year-long stability and multi-angle consistency measurements.

The proposed method demonstrated a low range-determination uncertainty, with an expanded uncertainty of 
0.24 mm (k = 3), and showed excellent agreement with standard water phantom measurements (mean deviation 
of 0.03 ± 0.15 mm). The framework reduced the measurement time for all 600 energy levels from >50 h to 
approximately 15 min, representing >100-fold improvement. Clinical validation confirmed high stability, with 
long-term and multi-angle deviations of 0.17 mm and 0.05 mm (k = 1), respectively. The system also successfully 
identified machine-related beam range inconsistencies that were not detectable using conventional QA protocols.

The proposed MLIC-based framework provides a reliable, accurate, and highly efficient solution for routine 
beam range QA in carbon-ion therapy. Its successful clinical application demonstrates its feasibility for frequent 
and comprehensive verification across all energy levels and gantry angles.

Introduction

Carbon-ion radiotherapy (CIRT) is an advanced modality in cancer 
treatment that provides superior dose conformity and enhanced bio
logical effectiveness compared with conventional photon therapy [1–3]. 
CIRT achieves the desired depth-dose distribution by modulating the 
energy of the incident beam. In clinical practice, the incident beam 
energy dictates its penetration depth in the material. This strong phys
ical correlation is utilized for quality assurance (QA), where the beam 
range in water is measured as a key parameter to verify the stability and 

accuracy of the delivered energy.
The conventional beam range measurement method that uses a 

water phantom and ionization chamber is considered the gold standard 
for low-uncertainty tasks and is indispensable for initial commissioning. 
However, its labor-intensive and time-consuming point-by-point process 
makes it impractical for frequent and comprehensive checks required in 
routine QA. These limitations, particularly the difficulty of verifying 
hundreds of energies and the physical restrictions on gantry angle 
measurements, establish a clear need to have a more efficient approach 
for routine verification.
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To overcome these limitations, several alternative approaches have 
been explored. Some solutions, such as compact water column phan
toms, provide low-uncertainty, multi-angle measurements but do not 
resolve the time-inefficiency issue for comprehensive QA across all en
ergy levels [4]. Other common approaches combine a two-dimensional 
(2D) array detector with a range shifter of position-dependent thickness 
(e.g., a wedge or a rotating cylindrical phantom) [5,6], but their scope is 
typically limited to verifying the range consistency of a few-sampled 
energies, and they are constrained by structural limitations that intro
duce considerable setup-dependent measurement uncertainty. The most 
promising approach for rapid verification is the multilayer ionization 
chamber (MLIC) [7], which offers a potential solution by enabling the 
instantaneous acquisition of a complete depth-dose distribution.

While the Giraffe MLIC system (IBA Dosimetry, Germany) demon
strates an approximate measurement uncertainty of 0.5 mm for proton 
beams [8,9], it has limitations when applied to carbon-ion beam range 
measurements. The vendor-provided analysis software (OmniPro Incline 
v1.1.2.0) primarily utilizes the Bortfeld model, an analytical approxi
mation specifically designed for proton Bragg curves [10]. However, the 
Bragg curve of a carbon-ion beam differs fundamentally from that of a 
proton beam, exhibiting distinct characteristics, such as a considerably 
larger plateau-to-peak ratio, a narrower peak width due to energy 
straggling, and the presence of a fragmentation tail [11]. As the Bortfeld 
model does not accurately account for these unique characteristics of 
carbon-ion beams, its application leads to increased uncertainty and 
reduced reliability in range determination for carbon ions. Therefore, 
overcoming these limitations requires a new framework tailored for 
accurate and reliable range determination of carbon-ion beams. 
Furthermore, applying the Giraffe system for multi-angle QA on a gantry 
is impractical in its standard configuration, as the system is not supplied 
with a dedicated mount for stable setups at various angles, which 
effectively limits its routine use to vertical or horizontal beam 
orientations.

To address the previously mentioned limitations for routine QA, this 
study introduces and validates a novel framework designed for rapid, 
accurate, and comprehensive beam range verification. This MLIC-based 
framework integrates three key innovations to overcome the specific 
challenges of carbon-ion therapy: (1) a beam-model-based fitting 
method to ensure low measurement uncertainty, and (2) a time- 
optimized acquisition process that enables range verification for a vast 
number of energy conditions within a clinically practical timeframe. 
Additionally, for gantry-based systems, (3) a gantry-compatible mount 
was developed to extend these capabilities to stable measurements at 
any gantry angle.

This study presents a comprehensive evaluation of the proposed 
framework to validate its performance. The framework’s performance 
was assessed by evaluating its range determination uncertainty and 
agreement with standard water phantom measurements. Furthermore, 
its clinical feasibility and utility were demonstrated through a year-long 
analysis of long-term range constancy and an extensive evaluation of 
range consistency across 12 gantry angles.

Methods

Heavy ion therapy facility

The Heavy Ion Therapy Center (HITC) at the Yonsei Cancer Center 
(YCC) is the first facility in South Korea to offer CIRT [12]. The YCC 
consists of three treatment rooms: one equipped with a fixed horizontal 
beam, and two equipped with rotating superconducting gantries [13], 
allowing beam delivery at various angles. The center utilizes a 
synchrotron-based scanning beam irradiation system [14,15] that sup
ports lateral irradiation fields of up to 20 cm × 20 cm. The synchrotron 
provides 600 discrete energy levels ranging from 55.6 MeV/u to 430 
MeV/u for generating Bragg peaks at water-equivalent depths in the 
range of 2–302 mm. Notably, the system supports a multiple-energy 

operation capable of rapid switching (0.4–0.85 s) among different 
beam energies within a single extraction spill, a feature that enables 
highly efficient sequential irradiation across the full set of energy levels 
[16].

This system combines the flexibility of the scanning system for lateral 
spot positioning with the precise distal positioning capabilities of the 
synchrotron [13], enabling the delivery of conformal three-dimensional 
(3D) dose distributions adapted to the geometry of the tumors. As the 
pristine Bragg peak exhibits a sharp distal penumbra unsuitable for these 
clinical applications, a ridge filter (RGF) was typically employed to 
broaden the peak to enhance the robustness of the dose distributions.

Standard beam-range measurement procedure

At YCC, the beam range is defined as R80—the depth in water on the 
distal fall-off where the dose falls to 80% of the maximum, measured 
with a 1 mm RGF in place [17]. This definition serves as the standard for 
all range measurements discussed herein.

For the initial commissioning of the treatment planning system 
(TPS), a set of reference data, commonly referred to as a “beam model,” 
must be established. This one-time process involves measuring the 
complete integral depth-dose (IDD) curves —representing the depth 
dose distribution integrated over the entire beam spot area measured 
using large area detector— for a representative subset of beam energies 
(specifically, the 32 energies defined for beam modeling at YCC). As 
shown in Fig. 1(a), these measurements are performed using a large-area 
parallel-plane ionization chamber (ACLD, AEC, Chiba, Japan) in a large- 
scale 3D water phantom (100 × 77.5 × 175 cm; approximate weight of 
220 kg when filled) to ensure the lowest uncertainty under reference 
conditions [18].

Acquiring a single high-resolution IDD curve is time-intensive 
(approximately 30 min per energy), leading to a total measurement 
time of >16 h for the 32 reference energies. The R80 values determined 
from these 32 measured IDDs serve as the gold-standard reference 
ranges for their respective energies. The TPS then utilizes these 
measured IDDs to generate the full library of 600 clinical beam profiles 
through an interpolation process [19]. This foundational dataset, once 
established, is used for all clinical treatment planning.

Distinct from one-time commissioning, routine QA aims to periodi
cally verify the beam range stability. For this, measuring the full IDD is 
unnecessary; instead, a streamlined process is used to measure the range 
(R80) directly. This process, which is based on a water phantom and an 
ion chamber and will hereafter be referred to as the standard QA 
method, is achieved by taking approximately 10 measurements around 
the Bragg peak in a point-by-point fashion, where each point requires a 
sequence of detector movements, measurement initiation, data acqui
sition, readout, and reset, resulting in a total time of approximately 5 
min per energy. Furthermore, this “stop-and-go” mechanical nature re
quires the detector to be stationary for each discrete energy measure
ment, rendering the standard QA method incompatible with any rapid, 
successive energy-switching sequence.

While this process is efficient for verifying a few energies, it becomes 
impractical for comprehensive QA across all available energy levels. A 
full 600-energy verification would still require more than 50 h of beam 
time, which is unfeasible for weekly, monthly, or even annual QA 
schedules. Consequently, current routine QA protocols are typically 
limited to the verification of a small subset of energies at regular in
tervals. This limitation creates a potential risk of failing to detect range 
deviations in the unmeasured majority of energies, establishing a clear 
need for a more rapid and comprehensive verification method.

The Proposed MLIC-Based Framework

MLIC

The MLIC is an advanced device designed for precise depth-dose 
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measurements in particle therapy. It comprises a stack of independent, 
air-vented, parallel-plane ionization chambers fabricated using printed- 
circuit-board technology. Structurally, each measurement layer is 
formed by an air gap sandwiched between the electrode plates. The PCB 
substrates of these electrodes simultaneously function as the absorber 
material. Consequently, the water-equivalent depth associated with 
each measurement channel corresponds to the cumulative water- 
equivalent thickness (WET) of the preceding substrate layers traversed 
by the beam. This stacked geometry enables efficient and simultaneous 
depth-dose measurements and considerably improves the workflow ef
ficiency for beam-range assessments[20].

The Giraffe MLIC using IBA Dosimetry delivers reliable and accurate 
measurements (Fig. 1(b)). The system comprises 180 independent 
ionization chamber channels, each separated by an air gap with a water- 
equivalent thickness of approximately 1.9 mm/channel. The device 
features circular electrodes with a diameter of 12 cm to capture the 
scattered beam components. Simultaneous dose measurements across 
depths of 2–330 mm were obtained, providing comprehensive data for 
determining the beam range. The Giraffe MLIC weighs approximately 10 
kg and has dimensions of 17.5 cm × 43.9 cm × 19.5 cm (Width (W) ×
Depth (D) × Height (H)), which makes it considerably smaller and 
lighter than the standard water phantom, and allows easier handling in 
practical settings.

For this study, the Giraffe detector was calibrated by following the 
vendor-recommended protocol using the facility’s maximum energy 
carbon-ion beam (430 MeV/u). To ensure accurate channel-to-channel 
response and depth of each channel, the gain and spatial (depth) cali
bration procedure involved irradiating the detector from both the front 
and back directions. This method utilizes the low-gradient plateau re
gion of the Bragg curve to determine the gain factor for each channel, 
ensuring the measured signal matches the physical dose distribution. 
Data acquisition was managed using the OmniPro software (version 1.1, 
IBA Dosimetry, Germany), which provides a built-in range analysis 
function based on the proton-optimized Bortfeld curve [10]. This 
analytical fitting provides a precise range determination that overcomes 
the physical resolution limitations of the detector. While this built-in 
range analysis yields low uncertainty for protons, with a reported 
mean deviation of only 0.1 ± 0.3 mm, its uncertainty is considerably 
higher for carbon ions (deviation of 0.2 ± 0.7 mm) owing to the distinct 
characteristics of their Bragg curves [9]. Therefore, to bypass this limi
tation, we utilized OmniPro’s capability to export raw measurement 
data, specifically referring to the gain-calibrated signal values from all 

180 individual channels. This raw data then served as the input for the 
new, more accurate analysis method developed in this study.

Range analysis with beam-model-based fitting

Although the Bortfeld approximation serves as the default fitting 
method used in the commercial software, OmniPro-Incline, it exhibits 
known limitations when applied to carbon ion beams [10,21]. To 
address these issues and improve range determination accuracy, we 
propose a data-driven fitting approach that utilizes a library of measured 
water IDD curves as practical reference templates. This approach utilizes 
the 32 reference IDD curves—originally acquired for TPS beam 
modeling using the ACLD and water phantom—as fitting templates to 
determine the range from the MLIC measurement data.

Admittedly, the material composition of the ACLD in water differs 
from the MLIC’s multilayer PCB structure, which can affect the Bragg 
curve shape. Ideally, the reference templates should be derived from the 
specific detector response to carbon ions, considering the effective 
atomic number of materials and air gaps within the MLIC. However, 
accurate modeling of the commercial MLIC is constrained by the lack of 
public information regarding its detailed material composition and in
ternal geometry. Furthermore, performing Monte Carlo simulations to 
generate detector-specific look-up tables requires precise modeling of 
the beam line components (e.g., RGF) and beam optics, which can vary 
significantly between institutions and introduce user-dependent un
certainties. Therefore, this study adopts a semi-empirical approach using 
measured water-based IDD curves as the reference templates. This 
method prioritizes practicality and reproducibility, providing a 
measurement-driven solution that does not rely on complex, institution- 
specific simulations or proprietary detector specifications.

As illustrated in Fig. 2, the process begins by selecting the reference 
IDD curve with a peak closest to that of the MLIC measurement (Fig. 2 
(a)). This selected curve (IDDref ) is then adjusted by applying a depth 
shift (Δd) and a dose scaling factor (α) to generate a fitted curve (IDDfit). 
The optimal Δd and α values are determined by minimizing the root- 
mean-square difference between the fitted curve and the measured 
data over the region from the peak -8 mm to peak +4 mm (Fig. 2(b)). 
Finally, the range (R80) is determined from this optimally aligned fitted 
curve. The reliability of this approach was evaluated by comparing the 
resulting curves and ranges with those derived from Bortfeld fitting and 
spline interpolation.

Fig. 1. Photographs of the devices used for the range measurements. (a) large-area parallel-plane ionization chamber with water phantom, (b) Giraffe, and (c) 
developed Giraffe mount (red line) attached to the gantry attachment (green line) at a gantry angle of 30◦.
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MLIC mount for gantry

In a gantry system that uses multiple angles for treatment, the 
measurement directions of the MLIC must be accurately aligned with 
those of the gantry system to perform beam-range measurements at 
various angles. To precisely determine the range at every angle, each 
measurement must be accurately positioned with the irradiation angle 
of the gantry.

To achieve this, an MLIC-specific mount was designed that was 
compatible with the gantry attachment used for the measurement de
vices provided by the CIRT system (Fig. 1(c)). The mount dimensions 
were 55 cm × 50 cm × 50 cm (W × D × H), and it weighed approxi
mately 20 kg when combined with the Giraffe MLIC. To verify that the 
MLIC could be precisely set up at different angles without distortion 
owing to its weight, it was attached to the mount and rotated at 30◦

intervals. A digital spirit level was used to measure the MLIC angle at 
each gantry angle and confirm its alignment within ±0.1◦.

Optimization of measurement process

While our accelerator’s multiple-energy operation allows it to 
deliver all 600 discrete energy levels in approximately 15 min, the 
conventional measurement approach using the Giraffe—a sequential 
process that performs a separate irradiation run and data acquisition for 
each individual energy level—creates a major bottleneck, prolonging 
verification times to many hours. To overcome this bottleneck, we 
developed an optimized process that synchronizes the measurement 
time with the rapid beam delivery time.

Instead of a trigger-based method, we employed a continuous data 
acquisition approach followed by postprocessing to distinguish the data 
from each energy level. Using the “movie mode” of OmniPro, we 
recorded a continuous time series of dose data during a single irradiation 
run that cycled through all 600 energies. Importantly, the MLIC operates 
in current mode, where each measurement represents a macroscopic, 
time-averaged dose signal integrated over a specific sampling interval. 
In the subsequent analysis, the data points were assigned to their 
respective energy levels based on the magnitude of the measured signal. 
The feasibility of this approach is ensured by a carefully selected sam
pling time of 0.3 s; this interval is longer than the 0.1 s irradiation time 
but shorter than the 0.4 s minimum energy modulation time, effectively 
preventing signal pile-up.

This optimized process successfully reduces the entire measurement 
time to match the duration of the beam delivery process (~15-min), 
enabling rapid and comprehensive QA.

Validation of the proposed framework

The framework’s measurement uncertainty was quantified using a 
range-shift experiment, and the agreement was evaluated by comparing 
the framework’s results against the reference ranges established by the 
standard method. These experiment designs are described below.

Analysis of measurement uncertainty

To quantitatively evaluate the framework’s intrinsic measurement 
uncertainty (uintrinsic), a range-shift experiment was performed. For this 
analysis, measurements were made for 300 distinct beam energies under 
four conditions: a reference measurement without a slab and three 
subsequent measurements with 1-, 2-, and 4-mm water-equivalent RW3 
slabs (PTW, Germany) placed immediately upstream of the MLIC, 
resulting in 1200 range measurements. The range-shift by the slab, ΔR, 
was then calculated for each slab using the equation: 

ΔR = Rref − Rmat. (1) 

where Rref is the range measured without the slab, and Rmat is the range 
with the slab.

The combined standard uncertainty, uC, of the measured range-shift 
(ΔR) was evaluated by statistical analysis (Type A evaluation). It cor
responds to the experimental standard deviation of the 300 ΔR values. 
Assuming the standard uncertainty of a single range measurement u(R), 
is consistent regardless of the slab (i.e., u

(
Rref

)
≈ u(Rmat) ≈ uintrinsic), the 

relationship follows the law of propagation of uncertainty: 

u2
C = u

(
Rref

)2
+ u(Rmat)

2
≈ 2⋅u2

intrinsic. (2) 

Thus, the range measurement uncertainty, uintrinsic, was derived as: 

uintrinsic =
uc
̅̅̅
2

√ (3) 

This procedure was applied to all three fitting methods to compare their 
intrinsic uncertainty quantitatively.

Agreement assessment with reference standard

The agreement of the framework was validated in two ways. The 
primary assessment involved the comparison of the ranges derived from 
the MLIC for the 32 reference energies against their corresponding gold- 
standard values. As the framework is not calibrated to each individual 
energy, this serves as a direct validation of its agreement with these 
known truths. Furthermore, the range-shift experiment, primarily 
designed to assess uncertainty, also provided a secondary validation of 

Fig. 2. Beam-model-based fitting process for range determination. (a) Selection of the reference integral depth-dose (IDD) curve closest to the measured multilayer 
ionization chamber (MLIC) peak. (b) Adjustment of the selected curve to align with MLIC data using depth shift and dose scaling. The R80 value was determined from 
the aligned fitted curve.
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agreement by confirming the framework’s ability to accurately measure 
a final range value that corresponds to a gold-standard range shifted by a 
known, physical amount.

Clinical application test

Clinical feasibility tests were conducted to evaluate the practical 
implementation of the proposed framework. These tests included one 
year of long-term beam range measurements and range measurements 
across various gantry angles.

To evaluate long-term stability, monthly range measurements were 
performed from July 2023 to June 2024 in a fixed treatment room. The 
process involved measuring a representative subset of 100 energies, 
which were selected by sampling every sixth energy across all energy 
levels. In addition to these routine checks, comprehensive measure
ments of all 600 energy levels were conducted following major main
tenance services in June, October, November 2023, and February 2024. 
For all the measurements, the determined ranges were compared with 
the established reference values to evaluate any deviations.

The Giraffe was securely attached to the head of the gantry head 
using the MLIC mount. The angular consistency was evaluated using this 
setup to perform range measurements for all 600 energy levels at 12 
angles spaced at 30◦ intervals. To determine whether the beam range 
depended on the gantry angle, the range deviations for each angle were 
compared with the mean range across all 12 angles. The measurements 
were completed within 1 d to minimize the influence of factors other 
than the gantry angle.

Results

Performance of the beam-model-based fitting
A comparison of the three fitting models—Bortfeld, spline, and the 

proposed beam-model-based fitting method—applied to the Giraffe 
data, is illustrated in Fig. 3. Figs. 3(a) and 3(b) present the results for 
medium- (283.48 MeV/u) and low-energy (91.4 MeV/u) levels with 
ranges of approximately 149 mm and 15 mm, respectively.

In Fig. 3(a), which illustrates the results for the medium-energy beam 
(283.48 MeV/u), the Bortfeld fitting performed using OmniPro aligns 
well with the Giraffe data, particularly up to the second data point 
beyond the peak. However, it fails to account for the fragmentation tail 
above 151.5 mm, which leads to a noticeable discrepancy. In contrast, 
the beam-model-based fitting accurately captured the fragmentation tail 
and provided an overall curve that closely aligned with the Giraffe data 
points. Additionally, the range of 148.9 mm calculated using this 
method was close to the reference range of 149.0 mm. This high level of 
accuracy is not coincidental but represents a consistent trend observed 

across all 32 reference energies, as further detailed in the comprehensive 
analysis in Fig. 4. Although spline interpolation seems to match the data 
well in terms of intersecting the data points, it often produces substantial 
range value errors. Unlike beam-model-based fitting or the Bortfeld 
model, spline interpolation does not incorporate any physical principles 
or approximations related to ion–material interactions. Consequently, 
spline interpolation merely smoothens the curve between two data 
points without considering the potential singularities that may exist 
between them, leading to substantial errors in range determination.

The low-energy (91.4 MeV/u) results presented in Fig. 3(b) show 
considerable differences between the fitting models. Beam-model-based 
fitting accurately captured the shape of the depth-dose curve of the 
actual beam, showing high agreement across all data points with a 
determined range of 14.8 mm (reference: 14.9 mm). In contrast, Bortfeld 
fitting demonstrated occasional failures for carbon-ion beams, as shown 
in this example. These discrepancies were attributed to the fitting pro
cess being trapped at a local minimum or the failure to reproduce the 
characteristic shape of the ridge filter.

Fig. 3. Comparison of fitting methods for range analysis. (a) Medium-energy beam (reference range of 149.0 mm) and (b) low-energy beam (reference range of 14.9 
mm). Bortfeld fitting on OmniPro, beam-model-based fitting, and spline interpolation curves are plotted using red, green, and blue solid lines, respectively. The 
downward-pointing arrows indicate the range values determined by each fitting model.

Fig. 4. Comparison of range differences for three fitting methods. Range dif
ferences from reference values for the proposed beam-model-based (BM, red 
circles), Bortfeld (BF, blue squares), and spline (Spl, green triangles) fitting 
methods. The results for the 32 reference Integral Depth Dose (IDD) energies 
are highlighted by large markers with black outlines, and their corresponding 
positions are indicated by vertical lines. The “Failure” line indicates cases 
where the Bortfeld fit failed to produce a valid result.
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To comprehensively evaluate the performance of the three fitting 
methods across the entire therapeutic energy range, the differences 
between the ranges determined by each method and the reference 
ranges were analyzed, as shown in Fig. 4, which clearly highlights the 
limitations of conventional fitting approaches and the superiority of the 
proposed method in terms of reliability and uncertainty. The Bortfeld fit 
(blue squares) demonstrated considerable reliability issues. Although 
the 1 σ for the successfully fitted points was 0.19 mm, the method failed 
completely in 15 cases, resulting in range deviations greater than 1 mm. 
These failures, indicated in the figure, were predominantly observed at 
lower and higher beam ranges, rendering the method unsuitable for 
automated QA. While spline interpolation (green triangles) did not 
exhibit these failure types, it yielded the largest 1 σ of 0.26 mm, con
firming its large measurement uncertainty across all energies. In 
contrast, the proposed beam-model-based fitting method (red circles) 
demonstrated superior performance. It achieved the lowest measure
ment uncertainty of 0.15 mm across all energies with no fitting failures.

Framework measurement uncertainty and agreement

The measurement uncertainty of the framework was then quantita
tively evaluated using a range-shift experiment, with the results sum
marized in Table 1. The intrinsic standard uncertainty, uintrinsic, of the 
beam-model-based fitting method was only 0.08 mm, outperforming 
both the Bortfeld (0.16 mm) and spline interpolation (0.21 mm) 
methods. The results for Bortfeld fitting were calculated only using cases 
where the fitting was successful in OmniPro. Cases where the fitting 
failed completely or resulted in incorrect fits with deviations exceeding 
1.0 mm were excluded. Among the 1200 ranges measured under the four 
experimental conditions analyzed using OmniPro, approximately 3% 
(34 cases) exhibited fitting failures. In contrast, the proposed MLIC 
framework using beam-model-based fitting successfully determined the 
beam range for all energy levels provided at HITC, achieving a 100% 
success rate.

The agreement of the framework was evaluated by comparing its 
determined range for the 32 reference energies with the gold-standard 
values. Notably, for these energies, the framework exhibited excellent 
agreement with the standard QA method, yielding a mean deviation of 
0.03 ± 0.15 mm (mean ± 1 σ), as highlighted by the black circles in 
Fig. 4. The range-shift experiment provided a secondary validation of 
agreement with standard QA method. As shown in Table 1, the 
measured range-shift (ΔR) values agreed with the standard QA method 
to within 0.05 mm for all slab thicknesses, confirming the framework’s 
ability to accurately measure known, physically induced shifts.

Clinical application test

Long-term range measurements

Fig. 5(a) displays the monthly range deviations from the reference 
range measured over a 1-year period (July 2023–June 2024). The 
overall mean absolute deviation was 0.17 mm, with a maximum dif
ference of − 0.82 mm observed at a range of 264.3 mm. While the range 
deviation for most energies was consistently low (≤ 0.14 mm), a specific 

region corresponding to ranges between 255 mm and 274 mm yielded a 
considerably higher σ of 0.41 mm. The implications of these specific 
deviations are examined further in the Discussion section.

Range measurements at various gantry angles

Fig. 5(b) shows the differences in the range values across the 12 
gantry angles relative to the average range at each energy level. This plot 
highlights the consistency of measurements across different gantry an
gles. The maximum difference in range values across the 12 angles was 
0.61 mm at a range of 257.3 mm. The overall range deviation for all 
energy levels across all gantry angles was 0.05 mm. Beam ranges in the 
range of 255–260 mm (388.71–392.84 MeV/u) exhibited a notably large 
deviation of 0.19 mm, whereas other ranges demonstrated a consider
ably lower deviation of 0.04 mm. The deviations observed in this spe
cific range region are discussed further in the Discussion, along with the 
findings from long-term constancy measurements.

Discussion

The intrinsic standard uncertainty (uintrinsic) of the proposed MLIC 
framework, as determined from the range-shift experiment, was 0.08 
mm (1 σ). This value is notably lower than the theoretical quantization 
uncertainty of approximately 0.54 mm (calculated as 1.9mm/

̅̅̅̅̅̅
12

√
), 

demonstrating that the analytical fitting effectively overcomes the dis
cretization limit of the 1.9 mm physical channel spacing.

To establish a conservative tolerance limit for routine QA, the 
expanded uncertainty was calculated using a coverage factor of k = 3, 
yielding a value of 0.24 mm. This level of uncertainty is sufficient for 
verifying the beam range within the 0.5 mm interval used in the beam- 
range specifications. Furthermore, because the framework’s range 
demonstrated high agreement with the reference ranges measured using 
the standard QA method, the proposed method is suitable for range 
constancy verification and obtaining reliable absolute beam range 
values.

The time efficiency during measurements was significantly 
improved. The proposed MLIC framework reduced the time for range 
measurements across 600 energy levels to 15 min, while the standard 
QA method required 50 h for the same measurements. The total mea
surement time was not simply 600 times the per-energy-level mea
surement time (0.5 s) because of the inclusion of synchrotron operation 
cycles, such as injection, acceleration, and deceleration. A direct com
parison shows a 100-fold reduction in measurement time. While per
forming full-energy range measurements over 50 h (3000 min) is 
cumbersome, even when conducted annually, the proposed framework 
enables the monthly QA of beam range verification for all energy levels 
within a manageable workload. Additionally, the smaller size and 
lighter weight of the MLIC system compared with those of water 
phantoms reduced the setup time from 30 to 10 min, further improving 
operational efficiency.

The clinical application test indicated considerable variations in 
specific energy ranges, particularly those corresponding to values in the 
255–274 mm range (388.71–406.01 MeV/u). Fig. 6(a) shows a heat map 
of the monthly range variations from the reference range for each beam 

Table 1 
Uncertainty analysis of beam-range determination using different fitting methods.

Beam-model-based fitting Bortfeld fitting Spline interpolation Standard QA method

ΔR uC ΔR uC ΔR uC ΔR

RW3 1 mm 1.09 0.11 1.08 0.16 1.10 0.29 1.10
RW3 2 mm 2.20 0.08 2.20 0.14 2.21 0.17 2.19
RW3 4 mm 4.33 0.10 4.33 0.22 4.33 0.25 4.28
Largest Combined Uncertainty ​ 0.11 ​ 0.22 ​ 0.29 ​
Measurement Uncertainty(u) ​ 0.08 ​ 0.16 ​ 0.21 ​
​ ​ ​ ​ ​ ​ ​ [mm]
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energy. Notably, extensive beam range deviations are primarily 
observed in the energy range of 388.71–406.01 MeV/u. Furthermore, 
these deviations vary over the months. Fig. 6(b) shows the beam range 
deviations across different gantry angles measured within a single day. 
In the beam energy range of 388.71–391.01 MeV/u, noticeable varia
tions in the beam range are observed depending on the gantry angle, 
whereas for other energy levels, the beam range deviations remain 
within the expected measurement error. Additionally, in Fig. 6(c), which 
shows repeated measurements at a gantry angle of 0◦ conducted on the 
same day, similarly large deviations in the specific beam energies are 
observed. These findings support the conclusion that the beam range 
fluctuations observed at specific energy levels do not indicate gantry 
angle dependency; instead, they result from other factors.

After the previous results were reviewed, additional experiments 
using the standard QA method confirmed that similar unexpected beam- 
range deviations were detected at specific beam energies and certain 

conditions. Therefore, these deviations originated from factors related to 
the treatment machine rather than from measurements or analysis er
rors. Finally, the proposed framework successfully identified machine- 
related issues that would have been difficult to detect using conven
tional methods. This enhanced detection capability can be attributed to 
our rapid process measuring a near-instantaneous range following a 0.1 
s irradiation, whereas the standard measurement method provides an 
average range over a much longer data acquisition time (10–15 s), which 
can obscure temporal fluctuations. The existence of these deviations as 
an actual, machine-related issue was subsequently confirmed in 
collaboration with the treatment system vendor based on dedicated 
tests. Based on these results, an investigation request was submitted to 
the treatment system manufacturer, and further analysis is currently 
underway.

A critical consideration in this framework is the physical difference 
between the MLIC materials and water. As illustrated in Fig. 7, the 

Fig. 5. Clinical application test results. (a) Monthly range differences between the measured range with the proposed framework and reference range (from July 
2023 to June 2024). (b) Range differences from the gantry average across 12 angles. The upper and lower plots show the range differences and their standard 
deviations, respectively.

Fig. 6. Heatmap of range differences. (a) Heatmap of monthly range deviations from the reference range. (b) Heatmap of range differences relative to the mean range 
across 12 gantry angles. (c) Heatmap of repeated range measurements at a gantry angle of 0◦.
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depth-dose curves measured using the Giraffe system resemble but do 
not perfectly match the standard water-based IDD curves. This 
discrepancy is energy-dependent; while the curves show relatively good 
agreement at low energies (89 MeV/u), a complex pattern of dose dif
ferences emerges at high energies (430 MeV/u). Unlike protons, carbon 
ions exhibit distinct nuclear fragmentation patterns in higher-Z mate
rials. Consequently, the ratio of the entrance plateau to the Bragg peak is 
significantly affected by the detector material compared to water [22]. 
However, the shape of the Bragg peak itself is primarily dominated by 
energy straggling rather than nuclear interactions. By focusing the 
minimization of the Root Mean Square Deviation (RMSD) exclusively on 
this peak region (-8 mm to +4 mm), the water-based templates can 
effectively match the MLIC measurement despite the discrepancy in the 
Peak-to-Plateau ratio. While this selective peak-matching strategy does 
not serve as a physically complete depth-dose model, it provides a highly 
effective, data-driven optimization for routine measurement purposes. 
This approach serves as a robust measurement-based alternative to 
analytical models (e.g., Bortfeld). Unlike analytical models that attempt 
a universal physical description but fail to capture machine-specific 
modulations (e.g., the ridge filter), our template-based approach 
directly utilizes empirical reference data. Consequently, this strategy 
inherently functions as a system-specific evaluation tool, ensuring that 
the unique beam delivery characteristics of the specific institution are 
accurately reflected during routine monitoring, all while avoiding the 
complexity of unverified Monte Carlo simulations.

While generating intermediate templates via interpolation is a po
tential alternative, this study prioritized a strictly measurement-based 
approach using the discrete reference library. Since the Bragg peak 
shape evolves gradually between adjacent reference energies, the depth- 
shift optimization (Δd) effectively aligns the measured data with the 
closest reference template without requiring artificially generated in
termediate shapes. Moreover, utilizing mathematical interpolation or 
extrapolation poses potential risks due to the complexity of carbon-ion 
beam optics. Theoretical modeling of energy spread variations and nu
clear fragmentation, especially in the low-energy region, can be prone to 
uncertainties if not validated by extensive measurements. Therefore, to 
avoid introducing modeling artifacts or user-dependent biases, we 
deliberately excluded curve generation techniques. This strategy en
sures that the range determination remains entirely grounded in verified 
physical measurements, thereby maximizing the robustness and reli
ability of the framework.

Despite the significant efficiency improvements achieved with the 
proposed framework, which enables range determination comparable to 
the standard QA method, it is designed to function as a high-frequency 
monitoring tool that complements, rather than completely replaces, the 
standard method. This framework relies on pragmatic peak-matching 
tailored for routine measurement purposes, rather than providing a 

universally applicable, physically complete depth-dose modeling. This 
limitation is primarily attributed to the necessity of an initial spatial 
cross-calibration. To ensure accurate range determination, the effective 
water-equivalent path length of the MLIC’s absorber stack must be 
benchmarked against reference IDD measurements obtained using the 
standard water-phantom method. Consequently, the framework relies 
on the standard method for this one-time initialization to establish a 
baseline. However, once this spatial baseline is established, the frame
work allows for independent, routine monitoring of beam range fluc
tuations. Furthermore, the standard method remains indispensable for 
generating the pristine IDD data required for TPS beam modeling. As 
described in the Methods section, TPS beam modeling necessitates IDD 
data with high-depth resolution. The MLIC system, with a 2 mm depth 
resolution per channel, cannot capture the detailed dose gradients 
achieved by the water-phantom-based standard method, which allows 
measurement intervals as small as 0.1 mm (Fig. 7).

To address these limitations, future research will explore a new 
analytical Bragg curve approximation model for carbon ions that com
bines the universal applicability of the Bortfeld equation with the ca
pacity to integrate machine-specific modulations. Developing such a 
model—one capable of simultaneously accounting for generalized 
physical interactions and system-specific beam delivery character
istics—will not only yield superior fitting accuracy for conventional 
measurement methods but also serve as a crucial next step in deriving 
accurate, water-equivalent IDDs directly from MLIC measurements.

Conclusion

In this study, we developed and validated an efficient framework 
using an MLIC to overcome the significant time and logistical constraints 
of routine beam-range QA in carbon-ion radiotherapy. By integrating a 
carbon-ion-specific beam-model-based fitting method, a gantry- 
compatible mount, and a time-optimized acquisition process, our 
framework provides a comprehensive solution for frequent and multi- 
angle QA.

The framework demonstrated low uncertainty, with an expanded 
uncertainty of 0.24 mm (k = 3), and excellent agreement with gold- 
standard reference measurements (mean deviation of 0.03 ± 0.15 
mm). Most notably, it reduced the measurement time for all 600 en
ergies from >50 h to just 15 min. This significant efficiency improve
ment enabled comprehensive routine monitoring, which led to the 
identification of previously undetectable machine-related range de
viations. Rather than claiming universal applicability for carbon-ion 
depth-dose characterization, the agreement observed between the 
water-based templates and MLIC measurements demonstrates a highly 
effective, system-specific evaluation strategy tailored for practical QA.

However, it must be emphasized that this framework is designed as a 

Fig. 7. Comparison of depth-dose curves measured by MLIC and water phantom. The figure shows a comparison of depth-dose curves measured with the Giraffe 
MLIC (red triangles) and the standard water phantom with an ion-chamber (blue circles) for (a) a low-energy (89 MeV/u) and (b) a high-energy (430 MeV/u) carbon- 
ion beam.
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powerful tool for routine QA. It does not replace the indispensable role 
of the standard water phantom method for initial commissioning and the 
establishment of the reference IDD data upon which our model relies.

In conclusion, the proposed MLIC framework serves as a practical, 
measurement-driven tool for carbon-ion beam range verification with 
low uncertainty. The use of empirical reference data allows this 
approach to effectively account for system-specific beam delivery 
characteristics and modulations. Consequently, the optimized and 
streamlined workflow facilitates routine clinical QA across all energy 
levels and gantry angles.
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