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Abstract

Objective. To comprehensively characterize the temporal characteristics of dose-driven continuous
scanning (DDCS) proton therapy system including the rise time to nominal beam current (#s),
minimum time between break spot (#,), beam current fluctuation and the flap dose. Approach.
Measurements were performed on a Hitachi proton therapy synchrotron. The beam current
fluctuation was measured using a 20 kHz 2D strip ionization chamber (CROSSmini) with a fixed
point irradiation without break points (BPs). ts, #, and flap dose were quantified using an
oscilloscope connected to the radiofrequency knockout (RFK), high-speed switching magnet
(HSST), and dose monitor signals. These measurements were performed with BPs. #,;; was
measured and compared using both the analytical log file based and direct measurement
approaches. The measurements were performed across three energies (70.2, 150.2 and 228.7 MeV),
three beam currents (8, 14 and 20 MU s™!) and five different spot MUs (6, 10, 20, 30 and 40 MU).
Main results. The instantaneous beam current measured by CROSSmini showed fluctuations of up
to 65%. After applying a 1.0 ms moving average, the beam current coincides with the log file
recorded beam current, thereby validating the latter data. The time delay between RFK off and
HSST on was (0.08 + 0.01) ms and minimal flap dose was recorded with an average of 4 uMU. The
minimum time between break spots was measured to be (1.67 &= 0.04) ms. The analytical log
file-based and direct measurement of t;,. were correlated with a Pearson correlation coefficient of
0.86. The t,;c measurement across the entire spills showed a dependence on beam current where

8 MU s~ ! had a notably higher ;. than 14 and 20 MU s~ . Significance. This is the first
comprehensive study to characterize the temporal properties of a DDCS proton therapy system.
The methodology introduced in this work would help in the proton DDCS commissioning efforts
in other centers.

1. Introduction

Supplementary material for this article is availableProton therapy is a form of external beam radiotherapy
that uses proton instead of x-ray for cancer treatment. It offers better dose localization compared to
conventional x-ray therapy, primarily due to the nature of the dose deposition at the end of their range,
allowing for minimal exit dose (Lomax 1999). This reduces radiation exposure to surrounding healthy
tissues, reducing long term side effects (Yock et al 2014, 2016, Romesser et al 2016, Sharma et al 2018, Li et al
2020). Most proton therapy facilities utilize pencil beam scanning (PBS) delivery, where multiple proton

© 2025 Institute of Physics and Engineering in Medicine. All rights, including for text and data mining, Al
training, and similar technologies, are reserved.
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spots are sequentially irradiated on the tumour target to achieve a uniform dose distribution. This process
involves manipulating the proton beam using scanning magnets to steer the beam laterally across the target,
while varying the proton energy to control the penetration depth (Lomax 1999, Mohan et al 2017).
Cyclotrons and synchrotrons are two main categories of accelerators (Mohan and Grosshans 2017).
Cyclotrons typically offer higher beam currents but often requires beam degraders, leading to larger energy
spreads and therapeutic dose rates comparable to synchrotrons. The synchrotrons can deliver smaller energy
spreads and a variable energy output but are subjected to finite spill times (Jolly et al 2020, Yap et al 2021).

The Hitachi synchrotron has two modes of beam delivery: discrete spot scanning (DSS) and dose-driven
continuous scanning (DDCS). In DSS, the proton beam is turned off between the irradiated spots. In DDCS,
the beam is scanning continuously between spots, enhancing the effective dose rate of the synchrotron,
ultimately resulting in a shorter beam delivery time (BDT). Previous simulation studies indicate DDCS can
potentially reduce BDT by up to 15% depending on the system parameters (Liang et al 2023, Liu et al 2023).
A shorter BDT offers several clinical advantages: reducing the likelihood of intrafraction motion (van de
Water et al 2014, Tong et al 2015, Oehler et al 2022), enhancing patient comfort by preventing exhaustion
during breath-hold treatment (Keall et al 2006, Aznar et al 2023), and minimizing the volume of irradiated
blood, potentially mitigating radiation-induced lymphopenia (Shin et al 2021, Xing et al 2022), a critical
toxicity with adverse outcomes.

While DDCS has previously been implemented in carbon ion therapy in Japan, its clinical
implementation in proton therapy is relatively new (Yagi et al 2022, 2024). Previous studies on
synchrotron-based proton PBS have primarily focused on the dosimetric implications of continuous
scanning or modeled treatment delivery times (Liang et al 2022a, 2023, Liu et al 2023, 2024), but none have
provided a comprehensive temporal characterization of the actual beam delivery system. Our study is the
first to systematically measure and analyze the fundamental temporal parameters that govern DDCS beam
delivery, including beam current rise time, minimum break spot time, beam current fluctuations, and flap
dose across a wide range of energies, beam currents, and spot MUs. These temporal measurements are
essential for developing accurate BDT models, which in turn are critical for beam current optimization—a
key step in DDCS implementation. By establishing these baseline temporal characteristics, our work provides
the foundational measurements and methodologies needed for efficient clinical implementation of proton
DDCS while maintaining precise dose delivery.

2. Methods

2.1. Overview of the proton therapy system

The measurements were performed using a Hitachi proton therapy synchrotron in NCCS. The proton
energies ranged from 70.2 to 228.7 MeV which corresponded to a water penetration depth range of

3.9-32.4 g cm 2. The system has multi-energy extraction capability that allows multiple energies to be
extracted within a single spill, thereby improving delivery efficiency (Younkin et al 2018, Liang et al 2022a).
One monitor unit (MU) ranged from 4 to 9 x 10% protons for the lowest and highest energies respectively.
The in-air spot size (10) at isocenter ranged from 2 to 5 mm (Tan et al 2023). In DDCS delivery, the
maximum beam current in any energy layer is 20 MU s~ ! and the MU per spot ranges from 3 to 40 mMU. In
DSS settings, the nominal beam current is fixed at 8 MU s™L.

The radiofrequency knockout (RFK) controls the proton extraction from the synchrotron to the high
energy beam transport and subsequently to the nozzle. When the RFK signal is turned off, the beam is cut off
by a high-speed switching magnet (HSST) situated along the beam transport, which deflects the beam away
from the isocenter and into a beam dump as an additional safety feature. The temporal structure of the RFK
and HSST are illustrated in figure 1. The RFK and HSST work together to rapidly turn on and off the proton
beam, which modulates the dose delivery, resulting in a very small, delayed dose contributions between
delivered spots. These small delayed dose components are typically well below the prescribed dose and do
not present a clinical concern (Whitaker et al 2014). When HSST is turned on, some fractions of the beam
may result to a shoulder of dose at isocentre, also known as flap dose (Tsubouchi ef al 2024).

2.2. Introducing DDCS and beam current model

In DDCS, each planned spot dose (Dplan) can be partitioned into the stop (Dyiop) and move (Dpeye) doses.
The stop dose can be defined as the MUs delivered while the beam is stationary at the planned spot position,
and the move dose is the MUs delivered while the proton beam is scanned continuously between defined
spot positions. This relationship can be represented as

Dplan = Dmove + Dstop' (1)
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Figure 1. Beam current structure schematics. Figure shows the time structure for the RFK, HSST and the ideal beam current at
different stages of beam delivery. Dy referred to the dose delivered during the rise time and Dpjyeau represented the dose
delivered when the beam current had plateaued at Io.

This continuous scanning approach aims to enhance delivery efficiency while maintaining the high
dosimetric accuracy required for clinical treatments. To ensure dosimetric similarity between DDCS and
DSS, as well as to reduce the incidence of beam aborts due to spot MU discrepancies, the break point (BP) is
implemented in DDCS where the beam is turned off between spots (Dpove = 0). The BP is inserted when any
of the constraints involving minimum Dyop, / Dmove ratio, minimum Dy,p, value and a minimum spot time is
violated. When the beam is first turned ‘on’ at the start of the spill or after a BP, the beam current exhibits a
gradual ascent to the nominal beam current. The average beam current of this characteristics ramp up region
of the beam current can be estimated with the following equation (Tsubouchi et al 2024),

Dplan = Drise + Dplateau (261)

t
IO X frise? t< Lrise
I - Dplun >
D, jan — Drise ? t 2 trise
plan rise
tﬂSC+T

(2b)

where Ij is the nominal beam current, Dy is the portion of the spot planned dose in the ramp-up region,
and t, is the corresponding time needed to ramp up to nominal current. The dose monitor (DM) log file
records the average beam current at each spot and the value of £ of each spot following a BP can be
calculated from the average beam current using equation (2). Figure 1 illustrates the temporal structure of
the beam current with several other important time scales. #;, represents the minimum dwell time before RFK
can turn on again and f4ec,y is the time for the beam current to decay to zero after the RFK is turned off.
Information of the #4ccyy is not included in the log file recordings hence will not be considered in the
calculation. t,i and #, are two important parameters which play an important role in the calculation of an
accurate BDT.

2.3. Irradiation condition and measurement instrumentation

We used two distinct fixed-point irradiation configurations to characterize different temporal aspects of
beam delivery. The first configuration, designed to characterize beam current fluctuations, utilized 2000
spots without BPs and a maximum spot MU of 40 mMU. The beam current fluctuation was measured using
a CROSSmini 2D strip ionization chamber detector array (Liverage Biomedical Inc, Taiwan) positioned at
the isocenter plane. The CROSSmini detector provides a sampling rate of up to 20 kHz, which corresponds
to a temporal resolution of down to 50 us.

The second configuration was focused on temporal parameter characterization of BP time (#,), delay
time (fgelay) and the flap dose. Flap dose refers to the unintended dose contribution that occurs during the
brief interval between the RFK turning off and the HSST fully deflecting the beam away from isocenter,
resulting in a small ‘shoulder’ or ‘flap’ in the dose distribution. The second configuration have 2500 spots
with BPs inserted after every spot and spot MUs were varied from 6 to 40 mMU in discrete steps. This part of
the measurements was performed with a 500 MHz multi-channel oscilloscope. The binary signals from the
RFK and HSST, and the analog DM signals were all measured using the oscilloscope. Due to the trade-off
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Table 1. Fixed point irradiation conditions.

Parameters Without BPs With BPs
Energy (MeV) 70.2, 150.2, 228.7

Intensity (MU 571) 8, 14, 20

Spot MU (mMU) 40 6, 10, 20, 30, 40
No. of spots 2000 2500

No. of BPs 0 2500

between the temporal resolution and the record length of the data, the oscilloscope measurement could only
record a short segment of the entire irradiation and the data was logged at a 250 kHz sampling rate. The
trigger for the oscilloscope measurement was set at the start of the spill for a reproducible measurement. The
DM log files were recorded for the entire 2500 spots irradiations where it contained information on the
average beam current (in MU s~ 1), delivered dose (in MU), and irradiation time (in ys) on a per-spot basis.
The log file and oscilloscope measurements played a complementary role in this study as log file provides
inter-spot resolution while oscilloscope yields intra-spot resolution.

All measurements were performed with three proton energies (70.2, 150.2, and 228.7 MeV), three
nominal beam currents (8, 14, and 20 MU s™!), and five spot MU (6, 10, 20, 30, 40 mMU) for a total of 27
data sets. This extensive parameter space enabled thorough characterization of system behavior under
various operating conditions. Table 1 shows the summary of the irradiation configurations.

2.4. Oscilloscope signal processing and fitting

HSST and RFK are binary signals and were first processed using a median filter with a window size of 0.1 ms
to maintain edge definition while reducing noise. DM analog signals were processed with a piecewise
function model defined by baseline (y,), and plateau () levels along with four timing parameters

(to, t1, 12, t3), where 1 1 » 3 are the start of rise, end of rise, start of decline, and end of decline respectively.
The fit was performed with a non-linear least-squares-fit using the curve_fit function in the Scipy v.1.12.0
toolbox. The piecewise function is described by:

f(t):y()v <ty

f)=p+i=0xt,  tHh<t<n

f(0) =, H<t<t . (3)
fO=n+i=xt,  H<t<n

f(t):y07 t>t3

The values of y, and y; were used to scale the DM voltage signal to beam current (MU s~ 1), where y,
corresponds to 0 MU s™! and y; corresponds to the nominal beam current for irradiation without BPs. For
irradiation with BPs, where nominal beam current is not reached, the area under piecewise fit
(area = |, ;RFK °f f(t) dt) corresponds to the spot MU. The piecewise function in equation (3) is important to
objectively quantify the #s and the amount of flap dose.

2.5. Characterizing beam current fluctuation

The range of spot MU, energies and beam currents being used in this measurement is shown in table 1. A
0.50 and 1.00 ms moving average was computed for the measured beam current, and this was compared with
the beam current per spot recorded in the log file of the irradiation. Lastly, a Fast Fourier Transform was
applied on the results to calculate the power spectrum and to identify any dominant frequencies in the beam
current measurement.

2.6. Quantifying minimum BP time

The minimum BP time #;, characterization was performed through analysis of consecutive RFK signals in the
BPs, with particular attention to the minimum time required between successive beam-on states. #, was
measured from the consecutive falling and rising edge of the RFK signal using the oscilloscope. The time was
recorded for all the different energies and beam current ranges as stated in table 1.
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2.7. Quantifying tgla, and flap dose

The tgclay and flap dose were quantified using an oscilloscope by focusing on the end of the spot. t4cl.y Was
quantified by the time difference between the falling edge of RFK and the rising edge of HSST at the end of
the spot. The flap dose was quantified by the area bounded by the rising edge of the HSST and the linear
descent portion (t, < t < f3) of the fitted piecewise function in equation (3). This calculation was consistent
with the flap dose definition as illustrated in figure 1.

2.8. Quantifying ;. from high resolution intra-spot measurement and log file

There are two approaches to finding ;e —direct measurement and beam current model analysis. tg is
defined as the time required to reach the nominal current I, from when the is RFK turned on. In direct
measurement, the oscilloscope is used to measure the increase in beam current at the start of the spot. It is
important to note that for some of the spot MUs, the beam current will not rise to Iy and the t,;, will need to
be extrapolated.

The second analytical method of measuring #, relied on the beam current model in equation (2) and
the log file. The log file records the planned dose (Dylan ), average beam current (I,yg) and irradiation time (f)
of every delivered spot. By manipulating equation (2b), can be calculated from the parameters recorded in
the log file by using equation (4c).

Dyplan
Iavg: 2 (4a)

t t
fIdT:IOI%dT:%XIOXi t < tise
0 0 1€

Dplan = trise ? (4b)
1
Drjse + Dplateau =1Ip X (5 X trise 1 ZLplateau) 2 trise
Iy Dplan .
2XIog Tog ' t < Frise
trise = Dplan Dplan (4C)
2x Toe b |7 2 trise

The t,ise measurements from the two methods were compared by using similar irradiation condition with
BPs as shown in table 1, but with only three spots rather than 2500 spots. This is due to the constraints of the
record length of the oscilloscope data and to enable easier comparison between the two methods. Pearson
correlation was used to determine the agreement between the two methods we check for the statistical
significance using a two-tailed P < 0.05 test in this work. After the comparison, t,i. was quantified for the
entire 2500 spots using the analytical log file-based method to quantify the homogeneity in the ts values
across the spill and for various irradiation conditions.

3. Results

3.1. Beam current fluctuation
Figure 2 shows the temporal characteristics of the beam current measured by the CROSSmini detector at
14 MU s~ 1. Only the results for 14 MU s~ ! were shown for brevity. The remaining results were included in
the supplementary information. Figures 2(A), (C) and (E) show the instantaneous beam current (red lines)
measured at 20 kHz sampling rate for 70.2, 150.2, and 228.7 MeV respectively. The raw measurements
revealed significant fluctuations up to 65% around the nominal beam current. After applying a moving
average of 0.5 ms (blue line) and 1.0 ms (orange line), these fluctuations were effectively reduced, showing
good agreement with the DM log file data (black line).

Figures 2(B), (D) and (F) are the corresponding power spectra obtained through Fourier transformation
of the time domain signals. Strong frequency components were observed at approximately 1 kHz and its
harmonics across all energies, indicating a characteristic pattern in the RFK extraction system.

3.2. Minimum BP time —#,

Minimum BP time refers to the minimum time interval required between turning the beam off and then
back on again. Figure 3 illustrates the #, for different energies, beam currents and spot MU. The red lines
show the normalized RFK signals measured at 0.025 ms temporal resolution with an oscilloscope.

Figures 3(A), (C) and (E) show measurements at 8 MU s~ ! with 6 mMU spot MU, while figures 3(B), (D)
and (F) show measurements at 20 MU s~ ! with 40 mMU spot MU. The dashed and solid black lines indicate
RFK off and on signals respectively.
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Figure 2. Beam current fluctuation and power spectrum of different proton energies. The plots in figures (A), (C), and (E)
present the instantaneous beam current measured by the CROSSmini detector (red lines) at a sampling frequency of 20 kHz and
smoothed versions with time windows of 0.5 ms (blue line) and 1.0 ms (orange lines) for irradiations with different proton
energies at 14 MU s~ !, overlaid with corresponding beam current extracted from DM log files (black line). The sharp drop in the
beam currents were due to spill change. Figures (B), (D), and (F) show the corresponding power spectrum obtained through a
Fast Fourier transform of the time traces on figures (A), (C), and (E), respectively. These power spectra reveal strong frequency
lines at around 1 kHz and its harmonics.

The average #, was measured to be (1.67 £ 0.04) ms across all energies, beam currents, and spot MUs.
This parameter remained stable across multiple measurements of various irradiation conditions, indicating
robust beam control during spot transitions.

3.3. End-of-spot characteristics —fgelay and flap dose
Figure 4 shows the temporal characteristics at the end of spot delivery for different energies and delivery
conditions. The RFK and HSST signals (red and blue lines respectively) are normalized and plotted on the
secondary y-axis, while the DM signals and the corresponding piecewise fits (green) using equation (3) are
shown on the primary y-axis in MU s. Black dashed lines mark the RFK off and HSST on transition with
their time difference represented as t4cloy. Figures 4(A), (C) and (E) are the measurements results at 8§ MU s1
with 6 mMU spot delivery across different energies, while figures 4(B), (D) and (F) show the measurements
at 20 MU s~ ! with 40 mMU spot delivery.

The average t4c1,y Was measured to be (0.08 £ 0.01) ms across all tested conditions. Importantly, this Zgelay
was approximately equaled to the beam current decay time (fgecay), as shown in figure 4, resulting in minimal

6
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Figure 3. Minimum beam off time between break spot for different proton energy and spot MU. Figures (A), (C), and (E) shows
the RFK signal measured by the oscilloscope for different energy at 8 MU s~ ! and spot MU of 6 mMU. While figure (B), (D) and
(F) at 20 MU s~ ! and spot MU of 40 mMU. The red line shows the normalized RFK signal measured by the oscilloscope at

0.025 ms temporal resolution. The dashed and solid black line shows the RFK signal off and on respectively. The mean #,
measured across all energy, beam current and spot MU was found to be 1.67 ms.

flap dose generation. The mean flap dose was measured to be 4 uMU (0-98 uMU), which was negligible
compared to even the smallest spot MU.

3.4. Rise time analysis — tye

Figure 5 shows the beam current recorded in the DM log files during irradiation with BPs as a function of
time for 70.2, 150.2, and 228.7 MeV at 8 and 20 MU s™'. As illustrated in figure 5, the nominal beam current
is not achieved during irradiations with BPs. However, the nominal beam current increases with increasing
spot MU, and it reaches nominal beam current when there is no BPs.

Figure 6 shows an example of the oscilloscope signals captured and the piecewise function fitting for
irradiation without BP (figure 6(A)), irradiation with BP where ¢ ~ t,;. (figure 6(B)), and irradiation with
BP where t > tj5 (figure 6(C)). In all the three scenarios the nominal beam current was achieved within the
spot but due to the finite #;, the average beam current of the spot would be lower than the nominal beam
current, I. Thus, this resulted in a lower average beam current of the spot as recorded by the log file in
figure 5. Using the piecewise function fit, t,s can be easily calculated from the linear ascent portion.

For validation purpose, we performed comparison on the # using both oscilloscope and log file analysis
on three-spot irradiations with BPs. Figure 7 shows the relationship between the average-to-nominal beam
current ratio (Iyg/Io) and. Figures 7(A)—(C) display results for nominal beam currents of 8, 14, and
20 MU s~ ! respectively. Solid lines represent the theoretical model calculations from eqnuation (4), while
markers indicate t;5 data calculated from DM log files. The Y error bars represent the propagated
uncertainty from the spot current variation across the three spots. In general, the markers with the error bars
do overlap with the theoretical solid lines which indicate that the beam current model is accurate for the
three spots irradiations. Across all tested conditions, the mean #,; was determined to be (2.4 4 1.2) ms.
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Figure 4. Time delay between RFK off and HSST on signals for different proton energies, beam currents and spot MU.
Representative oscilloscope measurements of DM (green trace), RFK (red trace), and HSST (blue trace) signals, sampled at a
temporal resolution of 0.004 ms. DM signals are converted into beam current (MU s™!), and both RFK and HSST signal traces
are normalized and displayed using a secondary axis. Figures (A), (C) and (E) shows data for 8 MU s~ ! beam current while
figures (B), (D) and (F) represents beam current of 20 MU s~ !. The dashed black line shows the tdelay between the falling edge of
the RFK signal and rising edge of HSST signal. This £4c1., Was measured to be 0.08 ms across all the parameter settings. The grey
line represents the nominal planned beam current, I,.

Figures 8(A)—(C) compare the oscilloscope measured and log file calculated ¢, values across different spot
MUs for 70.2, 150.2, and 228.7 MeV respectively. Different symbols represent varying beam currents (8, 14,
and 20 MU s™!). These combined measurements yielded a mean t,;; of (1.8 4= 0.9) ms. In general, the ts.
between the two approaches agree within 1 ms except for the 8 MU s ! condition where large difference of
up to 2.5 ms was encountered. Figure 8(D) demonstrated the correlation between oscilloscope and log file
measurements, with data points closely following the y = x line. The Pearson correlation test revealed a
strong correlation (coefficient = 0.86, p < 0.01), validating the analytical approach.

Extended measurements across 2500 spots using the analytical approach provided insights into fyie
variation over a complete spill cycle. Figure 9 presents these results for various combinations of energy, beam
current, and spot MU. The mean #, across all irradiation conditions was (3.5 £ 1.8) ms. Measurements at
8 MU s~ ! delivery showed a significantly higher ;. values and greater variability compared to 14 and
20 MU s~ !, particularly at higher spot MUs. This suggested that t;,. was dependent on the irradiation
settings.

4. Discussion

Accurate characterization of temporal parameters is essential for optimal implementation of DDCS in
clinical practice. Our systematic investigation using an oscilloscope and the DM log files, has quantified key
temporal parameters —fijse, taclay> and ty,, and has characterized the beam current fluctuation and flap dose.
These measurements provide crucial insights into beam delivery optimizations that directly influence both
treatment efficiency and delivery accuracy.
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Figure 5. Beam current recorded by the log file for different energies and spot MUs. The graphs show the beam current measured
by the DM recorded in the log file over time during central axis (CAX) irradiations, both with and without BPs, with spot MUs
ranging between 6 and 40 mMU. In the irradiations with BPs, the highest beam current achieved during each spot did not reach
the nominal beam current.

The beam current measurements with CROSSmini in figure 2 revealed important characteristics of beam
delivery stability. The instantaneous beam current was found to fluctuate by up to 65% across all tested
irradiation condition. While this instantaneous fluctuation might seem significant, a simulation study by Liu
et al had shown that a 100% beam current fluctuation in a proton therapy DDCS had negligible impact on
the dose distribution of a clinical treatment plan (2024). After applying a 1 ms temporal averaging, we
showed that the average beam current matched the DM log files results. This measurement directly validated
the beam current information recorded by the log files. The power spectrum analysis revealed distinct
frequency components at approximately 1 kHz and its harmonics, consistent with the findings reported by
Furutani and Beltran for Hitachi carbon ion system (2024).

The delay time t4ej,y between RFK and HSST was measured to be (0.08 £ 0.01) ms. This delay time was
almost equal in magnitude to the decay time which resulted in minimal flap dose which could potentially
distort the dose distribution. This was validated by the flap dose quantification which yielded an average of
4 MU for all the irradiation conditions in table 1. This amounted to about 0.1% of the minimum spot MU
which was negligible. This finding also agreed with that reported by Tsubouchi et al where negligible flap
dose was also reported in the Hitachi Carbon ion system (2024).

Lastly, we had also quantified two crucial temporal parameters for accurate computation of the BDT and
the subsequent DDCS beam current optimization—#, and ts.. The #, measurement results in figure 3
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Figure 6. Oscilloscope measurements of DM signals and illustration of curve fitting. Representative oscilloscope measurements of
the DM, RFK, and HSST signals are displayed in green, red, and blue traces respectively. These data were acquired with a temporal
resolution of 0.01 ms for irradiations without BPs (figure (A)), and 0.004 ms for irradiation with BPs (figure (B) and (C)). RFK
and HSST signals were normalized and displayed in a secondary axis. DM voltage readings were mapped to beam current
(MU s™1) by using a linear scaling factor that is obtained using data without BPs. Figure (A) shows a representative DM signals
without BPs, whereas figures (B) and (C) show representative time trace data when using BPs with 228.7 MeV, 14 MU s~ ! and
228.7 MeV and 20 MU s~ !, overlaid with the piecewise model. The grey line represents the nominal planned beam current.

demonstrated a consistent value of (1.67 & 0.04) ms across all tested conditions. This further showed that a
single #;, value can be assumed for different beam currents and energies when computing BDT.

In general, the t,;. measurements between the direct and analytical methods agreed well with each other.
This was supported by the strong Pearson correlation coefficient (coefficient = 0.86, P < 0.01) in
figure 8(D). The greatest discrepancy between the two methods occurred at higher ;. with 8 MU s™! beam
current. This could be due to a noisy beam current measurement with the oscilloscope which resulted in a
poor piecewise function fit and a poor . estimate, or an inadequacy in the beam current model in equation
(2). Future work would determine the root cause of the discrepancy. In all, our results show that the
analytical t, calculation with the log file was a good surrogate for estimating the actual value without
directly measuring it with an oscilloscope. It was also important to note that the non-zero # in the BP was
the main reason why the beam current recorded in the log file in figure 5 never reached the nominal beam
current, Iy. Hence, having excessive BPs in the energy layer would decrease the effective beam current and
increase the delivery time.

In the next step, we used the analytical . calculations with 2500 spots irradiation to quantify the f
across the entire spill. The results were summarized in figure 9 where we could observe that the lower beam
current of 8 MU s~ ! had a significantly higher . value, while the t;;, of the remaining beam currents
agreed with each other (overlapping error bar). Although current DDCS current optimization typically
employed a single . value independent of beam currents, our results demonstrated that ;s varied
significantly with beam current and spot MU, suggesting the need for a more comprehensive approach.
Future studies would be conducted to investigate the dosimetric impact of these #,;, variations.
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Figure 7. Determining tse using beam current model and log file data. The graphs display the ratio of the average beam current
Iyg over the nominal beam intensity Iy as a function of ts. Data was obtained with different spot MUs with the beam current
model from equation (2), where each of the beam currents are color-coded in the solid lines. The x-axis of the markers represents
the tse as determined by the beam current model from the log file data, with an error associated with error propagation of the y
axis, given by the error bars. The error bar in the y axis, represents standard deviation of Iy /Iy readings.
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Figure 8. t,is. validation between oscilloscope measured and log file calculated. Summary of #s values measured from oscilloscope
measurements and corresponding log file derived t for irradiation with BPs for different proton energies, beam current and
spot MUs. Figure (A), (B), and (C) show the f;isc found for irradiation with BP across different spot MUs for 70.2 MeV,
150.2 MeV, and 228.7 MeV respectively. The different beam currents are represented by the different colours. Figure (D) shows
the correlation between tisc measured using oscilloscope and calculated from beam current model. The P-value of the Pearson
correlation is <0.01 with a correlation coefficient of 0.86. The error bars represent the standard deviation of the measurements.
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Figure 9. t,isc calculated across 2500 spots in a log file. Summary of #s values calculated from log file for irradiation with BPs for
different proton energies, beam current and spot MUs. Figure (A), (B), and (C) show the t;, found for irradiation with BP across
different spot MUs for 70.2 MeV, 150.2 MeV, and 228.7 MeV respectively. The markers represent the mean and the error bars
represent the standard deviation of the t;e calculated from beam current measured in the log file. The different beam currents are
represented by the different colors.

One main limitation of our study was that the validation of the analytical and direct measurement of ty;e
was only conducted for the first three spots of the spills. It would be ideal to validate these throughout the
entire spill. However, it was challenging to record the oscilloscope data with sufficient resolution for the
whole spill. The second limitation was that the type B errors of the #4e1ay, flap dose and #i,. as measured by
the oscilloscope and subsequently fitted with the piecewise function in equation (3), were dependent on the
temporal resolution of the oscilloscope. The resolution in our measurement of the oscilloscope was limited
by the record length as we required a sufficiently long record length to capture the entire beam current for
the spot.

The comprehensive characterization of temporal parameters presented in this study has several
significant clinical implications. First, accurate quantification of rise time (i) and minimum break spot
time (#,) enables more precise BDT modeling, which is crucial for optimizing treatment efficiency without
compromising dose accuracy. Our finding that #,i, varies with beam current (significantly higher at
8 MU s~ ! compared to 14 and 20 MU s~!) suggests that beam current selection should be carefully
considered during treatment planning optimization as this will affect the fraction of BPs in a plan (Liang et al
2022b) and consequently the dose calculation accuracy. Additionally, the minimal flap dose we observed
(average of 4 uMU) and the characterization of beam current fluctuations (up to 65%) provides confidence
in the safety profile of DDCS delivery. The beam current fluctuations may cause local move dose deviate at
each spot level, but the overall impact on the dose distribution is minimal (Liu et al 2024). Finally, the
correlation between log file-derived and directly measured temporal parameters validates a more accessible
approach for logfile patient QA to ensure consistent treatment delivery.

5. Conclusion
We have performed the first comprehensive temporal characterization of the proton beam in a DDCS

system. Our results demonstrated instantaneous beam current fluctuations and validated the accuracy of the
beam current recorded in the DM log file using a 2D strip ionization chamber detector. We have also
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quantified key temporal parameters for BDT model such as rise time to reach nominal beam current (tyis.),
delay time between RFK off and HSST on (#4elay), and minimum BP time (#;,). These findings provide
essential insights into DDCS delivery mechanisms and establish a foundation for developing more
comprehensive beam models.
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