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Abstract

Background: The 2024 IAEA TRS-398 revision updated recommendations for
reference dosimetry and ion recombination corrections in pencil beam scanned
(PBS) proton beams.

Purpose: This study evaluates the revised ion recombination methods
for monoenergetic synchrotron-based PBS proton system across different
energies, monitor units (MU), and ionization chamber types.

Methods: Reference-field measurements were performed using a synchrotron
system at 70.2, 150.2, and 228.7 MeV and at 6, 50, and 200 MU. Charge-
collection data were acquired using PTW Farmer and Advanced Markus
chambers across 20—400 V. lon recombination correction factors (ks) were
determined using the Jaffé plot extrapolation method and the TRS-398 two-
voltage method (TVM) under different time structure assumptions. Charge
multiplication in the chamber was addressed using both low voltage linear fitting
and a semiempirical exponential model.

Results: For low energy, low MU fields, and TVM yielded kg values within ~1%
of the Jaffé extrapolation. For high-energy, high-MU fields, maximum differences
of 6.25% (Farmer) and 1.62% (Advanced Markus) were observed. The syn-
chrotron beam exhibited energy, MU, and chamber dependent time structure
behavior, producing pulsed-like or continuous-like characteristics. Misclassifica-
tion of the time structure resulted in additional kg deviations of up to 2.49%
(Farmer) and 0.59% (Advanced Markus). Charge multiplication was observed
in the Advanced Markus chamber at voltages > 150 V. The exponential fitting
successfully modeled this response and produced kg values agreeing with low
voltage fits within 1.5%, while avoiding subjective voltage cutoff selection.
Conclusion: The revised TRS-398 provides accurate ion recombination cor-
rections for monoenergetic PBS fields at low energies and low MU. However,
accuracy of ion recombination correction decreases at higher energies and
MU, particularly when the time structure was ambiguous or chamber dependent.
Charge multiplication in small volume chambers presents an additional source
of uncertainty not fully addressed by TRS-398. Incorporating charge multipli-
cation fitting methods may improve the robustness of reference dosimetry in
synchrotron-based PBS proton therapy.
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1 | INTRODUCTION

In 2024, the International Atomic Energy Agency (IAEA)
published a revision to the Technical Report Series 398
(TRS-398)." This revision was necessitated due to the
advances in the medical physics field and the introduc-
tion and adoption of new radiotherapy technologies over
the decades. The revision, amongst other additions, pro-
vides additional information on determining absorbed
dose to water for pencil beam scanning (PBS) proton
beams. This is part of a larger global trend of an increas-
ing number of therapeutic ion beam clinics and with it an
increasing need for a formal code of practice in dosime-
try for PBS proton to reliably and accurately determine
the absorbed dose to water. In the previous edition of
TRS-398, the recommended configuration for proton
beam reference dosimetry was the spread-out Bragg
peak (SOBP). The revised TRS-398 now distinguishes
between broad beam and PBS beam. For a PBS proton
system, TRS-398 defines the reference condition for the
determination of absorbed dose to water calibrated in a
single energy pencil beam as using a single energy layer
scanned field. As part of this revision, TRS-398 recom-
mends the scanned field small ionization chamber setup
for reference dosimetry of a PBS system. Additionally,
the revised TRS-398 also formally provides additional
guidance on ion recombination correction for proton
beams. These additions extend TRS-398 and provides
valuable guidance for clinics utilizing PBS delivery and
particularly in synchrotron based therapeutic systems
where the single energy layer configuration is more
relevant in the dosimetry of a synchrotron beam.
TRS-398 recommends the use of gas filled ioniza-
tion chambers as the dosimetry device of choice and
list four influence factors that may result in an underes-
timation of the measured charge collected when using
an ionization chamber: temperature, humidity, polarity
and ion recombination. The focus of this study is on ion
recombination, the process where free charges created
during ionization events recombine to form a neutral
particle before they can be collected at the electrodes,
resulting in an underestimation of the measured charge
collected and therefore lowered perceived dose deliv-
ered. For accurate dosimetry, the ion recombination of
the chamber must be known and corrected for; this
is the ion recombination correction factor, ks. There
are 2 main types of recombination; initial and volume
recombination.>~* Initial recombination is dependent on
the linear energy transfer (LET) of the of the beam
and TRS-398 recommends that for heavy ion beams,
initial recombination may be nontrivial and should be
considered during recombination corrections. Volume
recombination is dependent on the time structure of the
beam and is split into two distinct regimes: pulsed beams
and continuous beams.® A beam is categorized as a
pulsed beam if the time between pulses is larger than

the chamber’s charge collection time, and the charge
collection time is larger than the pulse duration.®®
Otherwise, the beam should be considered as a contin-
uous beam for the purpose of ion recombination. From
Boag’'s model, the volume recombination contribution
for a pulsed beam is dependent on the inverse of the
first power of the bias voltage, 1/V while for a continu-
ous beam, it is dependent on the inverse of the second
power of bias voltage, 1/V25 In the case where vol-
ume recombination is the dominating contribution to the
overall ks compared to the initial recombination, it can
be approximated that ks of pulsed beams are linearly
dependent on the 1/V and 1/V? for continuous beams.”
This forms the basis of modern ion recombination cor-
rection factor calculations method like the widely used
two-voltage method (TVM)28

In ion recombination, the time structure of a beam
is important as there are differences in the dosime-
try calculation of a pulsed and continuous beam when
applying Boag’'s model [5]. While cyclotron and slow
extraction synchrotrons are inherently pulsed due to
the radiofrequency (RF) acceleration, the short pulse
repetition times in modern machines was used to
justify the continuous beam nature with regards to
ion recombination.” °~'" However, these classifications
are ultimately an empirical recommendation and users
should still conduct their own verification to determine
the behavior and time structure of their beam.

Despite the new additions to the revised TRS-398,
gaps remain regarding its recommendations for ion
recombination. Firstly, due to the fundamental differ-
ences in how kg is calculated in pulsed versus contin-
uous beams, any ambiguity in the beam’s time structure
will result in dosimetry error. In synchrotron beams, the
time structure is nontrivial and varies based on fac-
tors such as energy level and monitor unit (MU) per
spot.'? Consequently, if users follow TRS-398 recom-
mendations and incorrectly assume a continuous time
structure for what is effectively a pulsed beam, signif-
icant dosimetry errors may occur. Secondly, TRS-398
lacks strong recommendations for addressing charge
multiplication effects in reference ionization chambers.
The current protocol advises that charge collection be
conducted within an operational voltage range where
the chamber response is linear—this condition is nec-
essary for using the Jaffé plot method to determine
saturation charge and k. However, it has been demon-
strated that charge multiplication can occur even within
the recommended operating range of the chamber.'3-16
Such cases are currently not addressed by TRS-398,
leaving users without a validated correction method.

This study evaluates the implementation of the
revised TRS-398 protocol for determining ks within
the context of our clinic’s Hitachi Probeat synchrotron
system using the reference conditions for a monoener-
getic scanned proton beams. A parallel plate Advanced
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Markus chamber and a cylindrical Farmer chamber
were studied to represent two different geometries
of ionization chambers. While the protocol provides
a framework for monoenergetic scanned beams, the
unique time structure of a synchrotron beam presents
nontrivial challenges, as delivery timing varies with
energy, dose (MU), and chamber geometry. Addition-
ally, the study will also apply two proposed methods
for addressing charge multiplication in the advanced
Markus chamber that are currently not provided within
TRS-398. Lastly, the TVM following TRS-398 protocol
and the Jaffé plot extrapolation method are compared
to evaluate the level of confidence and accuracy of the
ks value in a synchrotron proton therapy system.

2 | METHODS

21 | Overview of irradiation condition
and experimental measurements

The study was conducted using a Hitachi Probeat PBS
proton system. A monoenergetic scanned field consist-
ing of a spot spacing of 2.5 mm with a total spot number
of 1681 spots across the 10 x 10 cm? field size was
used for this study. This follows the reference condi-
tion for PBS delivery system as stated in TRS-398." A
total of 3 different energy layers (70.2 MeV, 150.2 MeV,
228.7 MeV) and 3 different monitor units (MU) (6 MU,
50 MU, 200 MU) were investigated. The energy choice
corresponded to the lowest and highest energy level
available. The MU was chosen to span a practical range
corresponding to the minimum MU per spot and close
to the maximum MU per spot.!”-'® The MU per spot
affects the average spot dwell time spot in PBS and the
combination of different energy and MU gives a good
representation of the different irradiation conditions and
time structure in a proton PBS irradiation. For each
permutation, the charge-collection measurement was
repeated three to seven times to achieve a coefficient of
variation below 1%. Two chambers were investigated in
this study, PTW 30013 Farmer chamber (PTW Freiburg
GmbH, Freiburg, Germany) and PTW 34045 Advanced
Markus chamber (PTW Freiburg GmbH, Freiburg, Ger-
many). '° The same chambers were used throughout
the experiment for consistency and the chambers were
operated at a range of bias voltages between 20 and
400 V. The chambers measured were connected to
and measured with the same PTW UNIDOSE Webline
electrometer (PTW Freiburg GmbH, Freiburg, Germany).
The chambers were placed at 2.0 cm water equivalent
depth within chamber specific holders and aligned to the
isocenter to measure the dose at the plateau region of
the depth-dose curve.

ks was calculated according to the ion recombina-
tion correction methods provided by TRS-398 for proton
beams and both the Jaffé plot extrapolation method and
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TVM were investigated in this study. Due to the presence
of charge multiplication in the Advanced Markus cham-
ber, two charge multiplication correction methods were
evaluated alongside the linear extrapolation method
with Jaffé plot. The values of pulsed, pulsed-scanned
and continuous beams ks were determined using TRS-
398’s TVM and compared against the ground truth value
obtained using the Jaffé plot extrapolation method for
different integer voltages ratios. The percentage differ-
ence from the ground truth was calculated as a means
of determining the error that could arise from choosing
the wrong beam time structure and the uncertainty from
the different methods of calculating k.

2.2 | Jaffé plot extrapolation method

An empirical method for determining the beam time
structure and kg is the use of Jaffé plots as recom-
mended in TRS-398." First a chamber is irradiated at a
range of bias voltages (V) up to the manufacturer's max-
imum voltage and the corresponding charge collected
recorded as the measured charge (M). Next, the plots of
1/M against 1/V and 1/V? are compared. For a beam
with pulsed time structure, the inverse of the chamber
response, 1/M, would vary linearly with 1/V while a
beam with a continuous time structure should show a
linear dependency in the 1/V? plot. It should be noted
that this method assumes that volume recombination is
the dominant contribution to ion recombination.

In this study, the plots of 1/M against 1/V and 1/M
against 1/V?2 were created and compared to determine
the time structure of the beam. A weighted linear regres-
sion was fitted to both plots and the coefficient of fit,
R?, were compared to determine the line of best fit. The
weights of the linear regressions were determined from
the standard deviation of the repeated measurement of
the charge. Bootstrapping was used to determine the
expected standard deviation of the R? values as a con-
fidence interval of the goodness of fits. In the cases
where the bootstrapped intervals overlapped, the time
structure was indeterminate and could not be reliably
determined using the TRS-398 Jaffé plot method and
fit with the highest nominal R?> was selected. If the R?
in the plot of 1/M against 1/V is higher with no over-
lap in the bootstrapped intervals, the beam is taken to
be a pulsed beam and vice versa. After determining the
time structure of the beam, the ion recombination fac-
tor at any bias voltage can be determined using the
Jaffé plot extrapolation method. From the best linear
fit case (pulsed or continuous), the ordinate intercept
(where V — o) was determined from the fitting coef-
ficients and this value is therefore the inverse of the
saturation charge, 1/Mg,. The saturation charge is a
theoretical point of perfect charge separation and col-
lection without charge recombination effects. The value
of the saturation charge can be subsequently used to
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calculate the value of kg using the measured charge,
M easureqd, @t any arbitrary voltage:

ks=1=& (1)

f Mmeasured

In this study, the value of kg determined from Equa-
tion (1) using the extrapolation method will be referred
to as the ground truth value and would be the basis of
comparison with the other methods in this study.

2.3 | Overview of TVM
If the time structure of the beam is known, TRS-398
recommends the use of the TVM to determine k;.
This method uses the response of the chamber at two
different voltages to determine the ion recombination
correction factor. The main benefit of TVM is that by
choosing the appropriate pair of voltages, the ion recom-
bination correction factor can be easily determined. In
using TVM, it is assumed that the response of the
chamber is linear within the range of the pair of cho-
sen voltages used and that volume recombination is
the dominant recombination event occurring. Addition-
ally, it is recommended that the ratio of the chosen bias
voltage is larger than 3.

As recommended by TRS-398, the kg for a pulsed,
pulsed scanned and continuous proton beam can be
determined using the TVM as follows”,

M, M,
ks, pulsed and pulsed scanned = ap + aq VZ +ap VZ s
(2)
and
(3) -
ks, continuous = - (3)

(L) -
Vs M,

Equation (2) applies to both pulsed beams and pulsed
scanned beams while Equation (3) applies to only
continuous beams. The variables a, are quadratic fit
coefficients numerically determined by Weinhous and
Meli and provided in TRS-398.""2° M, and M, are the
chamber response at the two voltages investigated, cor-
responding to the two voltages V; and V,. Where V,
is the operating voltage of the chamber and V, is a
lower voltage within the linear region. The use of Equa-
tions (2) and (3) assumes a linear relationship between
the response in 1/V and 1/V? respectively for the
[V,, V4] voltage intervals. The actual relationship can
also be highly nonlinear in the presence of charge mul-
tiplications in small ionization chamber. Hence, the only

way to verify the linear region of the chamber is to there-
fore empirically determine it through irradiating a series
of bias voltages in a Jaffé plot. In this study, the kg under
all three possible time structures were determined using
the TVM methods. The percentage difference from the
ground truth value was calculated to determine the error
that could arise from choosing the wrong beam time
structure.

2.4 | Charge multiplication corrections
One issue that complicates dosimetry using ion cham-
bers is the presence of charge multiplication. Charge
multiplication occurs when the charges are overac-
celerated with sufficient energy to cause secondary
ionization and while there is no exact point where dielec-
tric breakdown of air occurs, it has been reported that
for air filled ionization chambers, charge multiplication
occurs around 150 to 200 V/mm.'3 142" |t has been
demonstrated that the application of the TVM in the
presence of charge multiplication can result in an over-
estimation of k.'3 In addition, charge multiplication may
occur even when operated within the manufacturer’s
recommended voltages. Thus, for detectors that demon-
strates charge multiplication effects at higher voltages,
a low bias voltage range fit should be used to obtain a
more accurate saturation charge and estimation of the
ion recombination.'3-16

Alternatively, it has also been demonstrated that the
use of a semiempirical exponential term as part of the
Jaffé plot fitting could result in a good fitting in the pres-
ence of charge multiplication.'* 2223 This exponential
term was first proposed by Zankowski et al for contin-
uous beams Equation (4)'* and by DeBlois et al for
pulsed beams Equation (5)2,

1 1 a P
—=|=—+-+—|e7 4
q [osat v vz] @
and
1 1 A
-~ - —_ _VV
/ [Isat+v]e . (5)

The variables of «, 8, 1, and y were treated as fitting
parameters and a custom fitting function was created.
Using this fitting, the saturation charge was determined
from the fitting parameters.

Both methods of accounting for charge multiplication
(low voltage linear fit and exponential fit) will be applied,
as necessary, to chambers exhibiting charge multiplica-
tion in this study. In the absence of charge multiplication,
the Jaffé plot should remain linear across the range of
voltages tested and the presence of charge multiplica-
tion will result in the plot deviating from linearity. This
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deviation from linearity was determined visually from the
plot and the range of voltages before the onset of charge
multiplication were used as the low voltage fitting range.
The saturation charge obtained using these two meth-
ods will be treated as the ground truth value and TVM
will be compared against it.

3 | RESULTS

3.1 | Jaffé plot and fitting results for
Farmer and advanced Markus chambers

The response of the two chambers was examined
across a range of bias voltage, from 20 to 400 V. The
Jaffé plots were normalized using an absolute maxi-
mum scaling normalization to ensure a consistent scale
for visualization. The normalized Jaffé plot and low volt-
age linear fits of the charge collected using the Farmer
and Advanced Markus chamber are shown in Figure 1
and Figure 2 respectively. The Farmer chamber did not
exhibit any noticeable charge multiplication and the full
range of bias voltages were used for subsequent analy-
sis for regression analysis. From Figure 2,the Advanced
Markus chamber exhibits strong charge multiplication
effects at bias voltages above 150 V. This is evident
from the nonlinear shoulder leading to a sharp decline
in 1/M from linearity at small 1/V and 1/V? values. Fol-
lowing the recommendations of '3 ¢, a low bias voltage
range of 0 to 150 V was used to determine the satu-
ration charge according to the Jaffé plot extrapolation
method. Due to the presence of charge multiplication in
the Advanced Markus chamber, an additional fit using
the semiempirical exponential term was attempted for
the Advanced Markus dataset. The normalized fit using
the semiempirical exponential term for the Advanced
Markus chamber is shown in Figure 3. The error bars
in the Jaffé plots represent one standard deviation of
the inverse charge collected. Additionally, the Farmer
chamber demonstrated a very stable response within its
operational voltage range, while the Advanced Markus
chamber demonstrated significantly more fluctuations
and variance in the measured charge.

The R? of the weighted linear regression on the Jaffé
plots are shown in Table 1 and Table 2 for the Farmer
and Advanced Markus (low voltage linear fit) chambers
respectively. The uncertainty in the R? values was cal-
culated using the bootstrap method as an indicator of
the confidence in the fit. The final best fit plot used
to determine the My, was determined by comparing
the R? in 1/V against 1/V? and choosing the fit of
the higher R2. From Table 1, the results of the Farmer
chamber showed a mixture of pulsed and continuous
time structure. A closer look at the R? values suggests
that most irradiation conditions favoured a continuous
time structure in the Farmer chamber. Additionally, the
time structure was more pulsed at low energy and
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low MU and more continuous at high energy and high
MU in the Farmer chamber. From the R? values for
the Advanced Markus chamber fit in Table 2, the time
structure appears to be indeterminate, where the good-
ness of fit in both 1/V and 1/V? were similar and
it was not feasible to conclusively determine the time
structure based on the R? values. Due to the charge
multiplication effect in the Advanced Markus chamber
for voltages above 150 V, an additional fit using Equa-
tion (4) and Equation (5) was conducted and shown in
Figure 3 and Table 3. From Figure 3, the response of
the chamber at voltages within the charge multiplication
region was well fitted with the addition of the proposed
semiempirical exponential term. However, similar to the
linear fit for Advanced Markcus chamber, the compar-
ison of the R? values showed an indeterminate time
structure.

3.2 | Comparison of TVM with the
ground truth k; from Jaffé plot

The TVM was applied to the dataset and the kg val-
ues were computed at different integer voltage ratios
and for the three different time structure as provided
in TRS-398. The kg obtained using TVM was com-
pared to the ground truth value determined from the
Jaffé plot linear extrapolation method and exponential
fit method. Subsequently, the percentage difference was
calculated to demonstrate the potential error that could
arise from the application of TVM. The percentage dif-
ference of Farmer and Advanced Markus chamber are
shown in Figure 4 and Figure 5 respectively when con-
sidering only the linear fit method to calculate the k;.
Figure 6 shows the percentage difference when using
the modified ion recombination equation with the charge
multiplication exponential term to calculate Mg, and k.
The error bars shown were derived from propagating the
errors of the charge measurement and the statistical fit-
ting. The percentage difference of TVM for both pulsed
and continuous time structure compared to ground truth
were not significantly different from 1% of the ground
truth and the error bars generally coincided with +1% of
the ground truth. Higher energy and higher MU tended to
show larger uncertainty in the calculated ks when using
TVM.

From Figure 4, the highest error observed for the
Farmer chamber was 6.25% at 228.7 MeV — 200 MU
for continuous time structure, and the largest percent-
age difference between the various TVM observed was
2.49% between pulsed and continuous time structure at
228.7 MeV — 200 MU for a voltage ratio of 3.

From Figure 5, the highest error observed for the
Advanced Markus chamber was 1.62% at 228.7 MeV
— 50 MU pulsed scanned time structure, and the
largest percentage difference between the various TVM
observed was 0.59% between pulsed-scanned and con-
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chamber. The response of the Farmer chamber was more stable with smaller variance in the charge collected. Saturation charge was

determined from the ordinate intercept.

tinuous time structure at 228.7 MeV — 50 MU at a voltage
ratio of 3.

From Figure 6, when applying the charge multiplica-
tion exponential term for Advanced Markus chamber,
the highest error observed was reduced to 2.83% at
228.7 MeV — 50 MU continuous time structure, and
the largest percentage difference observed between
TVM was 0.60% between pulsed and continuous time
structure at 228.7 MeV — 50 MU for a voltage ratio of 3.

4 | DISCUSSION

This study investigates the ion recombination correction
factor under reference condition for monoenergetic pen-
cil beam scanning proton. The result of this study shows
that application of TRS-398 reference condition and
ion recombination methods following TVM results in an
acceptable estimate of the ion recombination for most
irradiation conditions except for high energy and high
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Normalised Jaffé plot of Advanced Markus chamber and low voltage fit. Solid points were the data points used in the linear

fitting. Hollow points were measurements exhibiting charge multiplication and excluded from the fit. Charge multiplication was evident at
voltages above 150 V. Charge measurements using the advanced Markus chamber demonstrated large variance in the charge collected.
Saturation charge was determined from the ordinate intercept of the line in the figure.

MU fields. Overall, the TVM value differed from the Jaffé
plot method within 1% (Figure 4 and Figure 5). At high
energy and MU, errors of up to 6.25% and 1.62% from
ground truth were observed in Farmer and Advanced
Markus chambers respectively. The method of compar-
ing Jaffé plots of 1/V and 1/V? showed that the time
structure is dependent on the energy and MU of the irra-

diation conditions, as shown in Table 1. From our results,
misidentifying the time structure and applying the wrong
TVM method to calculate kg could lead up to a 2.49%
and 0.59% error when using the Farmer chamber and
Advanced Markus chamber respectively.

Additionally, in this study we also investigated a pro-
posed method for addressing charge multiplication in
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Normalised Jaffé plot of advanced Markus chamber using the semiempirical exponential fit. Figures 3A—3C were fitted using

Equation (5) and 3D-3F were fitted using Equation (4). The addition of the exponential term was able to address the response of the chamber
in the charge multiplication regime above 150 V. The saturation charge was determined from the fitting coefficients obtained.

the chamber by introducing an exponential term. This
method appears to be promising and was able to fit the
charge response within the charge multiplication region.
Table 4 shows the kg calculated from both the TRS
linear fit and the proposed exponential fit. The kg val-
ues obtained using the exponential fit were comparable
to those derived from the low voltage range linear fit
method, with differences of less than 1.5%. However,
the primary advantage of the exponential fit over the low

voltage range linear fitting method is that the exponen-
tial fit eliminates the guesswork involved in selecting the
cutoff voltage for the charge multiplication region, which
is required when using the linear fit approach.

While TRS-398 recommends categorizing slow
extraction synchrotrons as continuous beams for the
purpose of ion recombination, an assessment using
TRS-398 recommendations showed that the time
structure may vary between pulsed and continuous
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TABLE 1 R? of linear fits for Farmer chamber. While the time structure appears to be a mix of both pulsed and continuous, the higher R%in
1/V2 suggests a more continuous time structure when measuring with the Farmer chamber. The uncertainty in R? was obtained via
bootstrapping and it represents one standard deviation.

Time
R*in1/v R%in1/Vv2 structure

70.2MeV - 6MU 0.967 + 0.003 0.908 + 0.005 Pulsed
70.2MeV - 50MU 0.793 + 0.002 0.995 + 0.001 Continuous
70.2MeV - 200MU 0.796 + 0.004 0.996 + 0.002 Continuous
150.2MeV - 6MU 0.948 + 0.001 0.938 + 0.003 Pulsed
150.2MeV - 50MU 0.718 + 0.007 0.985 + 0.013 Continuous
150.2MeV - 200MU 0.930 + 0.005 0.975 + 0.004 Continuous
228.7MeV - 6MU 0.964 + 0.006 0.983 + 0.006 Continuous
228.7MeV - 50MU 0.884 + 0.009 0.955 + 0.028 Continuous
228.7MeV - 200MU 0.992 + 0.003 0.991 + 0.004 Indeterminate

TABLE 2 R? of linear fit for advanced Markus chamber. While the fits favour a pulsed time structure, the coefficients between 1/V and
1/V2 fits were very similar and it may be difficult to differentiate the time structure especially in the presence of outliers or erroneous charge

collection. The uncertainty in R? was obtained via bootstrapping and it represents one standard deviation.

R?in1/v R%in1/v2 Time structure
70.2MeV - 6MU 0.999 + 0.073 0.965 + 0.090 Indeterminate
70.2MeV - 50MU 0.987 + 0.023 0.929 +0.048 Pulsed
70.2MeV - 200MU 0.988 + 0.037 0.954 +0.023 Indeterminate
150.2MeV - 6MU 0.992 + 0.055 0.981 + 0.052 Indeterminate
150.2MeV - 50MU 0.996 + 0.034 0.983 + 0.041 Indeterminate
150.2MeV - 200MU 0.956 + 0.226 0.955 + 0.232 Indeterminate
228.7MeV - 6MU 0.991 +0.133 0.939 +0.172 Indeterminate
228.7MeV - 50MU 0.972 + 0.250 0.935 + 0.252 Indeterminate
228.7MeV - 200MU 0.906 + 0.087 0.969 + 0.099 Indeterminate

TABLE 3 R?of the exponential fits for advanced Markus chamber to account for charge multiplication effect. R%in pulsed was obtained by
fitting with Equation (5) while R? in continuous was obtained by fitting with Equation (4). The uncertainty in R’ was obtained via bootstrapping

and it represents one standard deviation.

R%in pulsed R? in continuous Time structure
70.2MeV - 6MU 0.994 + 0.020 0.994 + 0.022 Indeterminate
70.2MeV - 50MU 0.994 +0.018 0.994 + 0.018 Indeterminate
70.2MeV - 200MU 0.978 + 0.007 0.991 + 0.008 Pulsed
150.2MeV - 6MU 0.992 + 0.016 0.993 + 0.017 Indeterminate
150.2MeV - 50MU 0.996 + 0.011 0.997 + 0.012 Indeterminate
150.2MeV - 200MU 0.921 +0.110 0.927 + 0.116 Indeterminate
228.7MeV - 6MU 0.985 + 0.074 0.987 + 0.081 Indeterminate
228.7MeV - 50MU 0.974 + 0.136 0.977 + 0.139 Indeterminate
228.7MeV - 200MU 0.927 + 0.047 0.976 + 0.048 Continuous

depending on the chamber ion collection time and
both the energy and MU of the field. From Table 1,
we observe a pulse like time structure in the Farmer
chamber at low energy and MU and a continuous time
structure at high energy and high MU. This observation

can be explained by the increase in individual spot dwell
time at higher MUs, which may cause the ionization
chamber to perceive the beam as continuous during
irradiation. From Table 2, we observe a pulsed time
structure for the Advanced Markus chamber. From our
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TABLE 4 lonrecombination correction factor in advanced Markus chamber as calculated using a low voltage linear fit and using the
proposed exponential fit. The actual values of kg obtained using both methods were similar. The advantage of the exponential fit is in its ability
to fit the response within the charge multiplication region; hence the user does not need to determine a cut off voltage for the fit.

ks from low voltage

ks from exponential

Percentage difference from

linear fit fit low voltage linear fit%
70.2MeV - 6MU 0.998 + 0.002 0.997 + 0.002 0.14
70.2MeV - 50MU 0.999 + 0.003 0.997 + 0.003 0.22
70.2MeV - 200MU 1.002 + 0.001 0.995 + 0.001 0.72
150.2MeV - 6MU 1.002 + 0.008 0.998 + 0.009 0.41
150.2MeV - 50MU 1.002 + 0.004 0.999 + 0.006 0.27
150.2MeV - 200MU 0.998 + 0.002 1.002 + 0.003 —-0.40
228.7MeV - 6MU 0.999 + 0.028 0.994 + 0.092 0.57
228.7MeV - 50MU 0.994 + 0.011 0.982 + 0.006 1.18
228.7MeV - 200MU 1.001 + 0.007 0.989 + 0.012 1.21

Percentage difference (%)

O ks pulsed
QO ks pulse scanned
/\ ks continuous

T T T T T T T T T

b 2 2 7 7 7, 2 2 2
QQ%’I/Q%/@V QQM@VSQ%’G: 094”@:0?4”@1? )4”95& )4”9;8' )’74@1/

6 -5 -2 . . . . 8
/14(/ 04,,(/ 00440 6‘/140 50/%/ 900440 6‘/140 50/%/ 200440

FIGURE 4 Percentage difference of the two-voltage method
from ground truth value for Farmer chamber. Error bars were
calculated via error propagation of the standard deviation of the
charge collected and the statistical fitting. The dotted lines represent
the 1% threshold and percentage difference was generally within 1%
with higher energy and MU fields showing larger error. In general, the
average kg value lies within the 1% tolerance with the 228.7 MeV
and 200, 50 MU fields showing the largest error.

results the time structure was predominantly pulse-like
when measured using the Advanced Markus chamber
and continuous-like when measured using the Farmer
chamber. This could be attributed to the difference in ion
collection time of the chambers. The Advanced Markus
chamber has a collection time of 22 ys compared to
140 ps for Farmer chamber at their operational voltages
of 300 and 400 V respectively.'® Following the Boag
model of volume recombination, the shorter ion collec-
tion time of the Advanced Markus chamber might be
sufficient at resolving parts of the pulse structure in the
beam, resulting in the pulsed time structure observed
in our study® This observation is of interest as our

—— Ground Truth
1(HM V ratio 2
B V ratio 3
O ks pulsed
O ks pulse scanned
/\ ks continuous

£
1

N
1

Percentage difference (%)
o
]

|
N
1

Ve 2 2 7 7. 7 2 2 <2
Qe/”eyqe/hep Qe/b’evsae"'fsfq%ef%%j& ;/Wsjéf )4//@553 )Msp

Y6y, 8y, 2 - - - - -
7 0/14(/ 004/0 6‘440 50/1/,0 900440 5‘440 6“0440 ?00440

FIGURE 5 Percentage difference of the TVM from ground truth
value for Advanced Markus chamber using the low voltage linear fits.
Error bars were calculated via error propagation of the standard
deviation of the charge collected and the statistical fitting. The dotted
lines represent the 1% threshold and percentage difference was
generally within 1% with higher energy and MU fields showing larger
error. In general, the average kg value lies within the 1% tolerance
except the measurement at 228.7 MeV and 50 MU.

results contradicts the recommendations of TRS-398
of treating slow extraction synchrotron beams as con-
tinuous beams for the purpose of ion recombination.
As shown in this study, this miscategorising of the time
structure when using different chambers could result
in error especially in a Farmer chamber. While the
radio frequency acceleration signal inherently creates
a pulsed time structure within the synchrotron ring, it
has been reported that the slow extraction process
can lead to significant distortion and the loss of the
distinct pulse time structure, additionally the time struc-
ture of the beam may vary with different irradiation
conditions?*2° Therefore, in the case of slow extraction
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FIGURE 6 Percentage difference of the TVM from ground truth
value for Advanced Markus chamber using the exponential fitting.
Error bars were calculated via error propagation of the standard
deviation of the charge collected and the statistical fitting. Ground
truth was determined using the saturation charge obtained using
Equations (4) and (5). The dotted lines represent the 1% threshold
and percentage difference was generally within 1% with higher
energy and MU fields showing larger error. In general, the average kg
value lies within the 1% tolerance except the measurement at 228.7
MeV. The percentage differences were rather similar to the results
from the use of low voltage linear fit across a lower voltage region
and could be a viable method for addressing chambers with charge
multiplication within its operating voltages range.

synchrotron beams, it might be recommended to adopt
a more empirical approach to ion recombination time
structure instead of the current prescribed continuous
time structure.

During measurements, large variations of up to 5% as
indicated by the error bars in Figure 2 and Figure 3 was
observed in the charge collected when measuring with
the chambers. Additionally, the Advanced Markus mea-
surements showed stochastic fluctuations that deviated
from the expected saturation curve despite the low coef-
ficient of variance and repeated readings. It is believed
that these errors were due to spot position deviations
within a spill that had a relatively larger dosimetric effect
on small sensitive volume chamber like the Advanced
Markus chamber compared to the Farmer chamber
which has a larger sensitive volume. This problem was
further accentuated for high energy proton where the
smaller spot size combined with dispersion and spill
change effects would result in larger type A uncertainty
during repeated dosimetric measurement.'”- 26 This also
results in the larger error bars in Figures 4—6 for higher
proton energies. This study highlights the challenge of
establishing the time structure for the dosimetry using
the Jaffé plot when the dosimetry measurements were
plagued with high error bars resulting from spot posi-
tion errors. This was the main reason why most of the

MEDICAL PHYSICS -

comparison in Tables 2 and 3 lead to an indeterminate
result.

There are some limitations in this study. Firstly, for
measurements conducted at the 70.2 MeV layer, the set-
up condition does not follow TRS-398 relative dosimetry
conditions. The measurement was conducted at 2 cm
plastic water depth while TRS-398 recommendations
would require the 70.2 MeV layer to be measured at
1 cm plastic water depth. This deviation from TRS-398
reference condition was chosen to facilitate the compar-
ison of data between energy levels. This would be an
important consideration for accurate dosimetry during
TPS commissioning for example, however, in our study
the measurements were still conducted in the plateau
region and it should not affect the results of the cur-
rent recombination study. Secondly, the experiment uses
plastic water phantoms in lieu of water as the reference
medium, while TRS-398 discourages the use of plastic
water phantom for proton beams for reference dosime-
try as their water to plastic fluence correction factors are
not well known. However, as this experiment is focused
on the relative differences, the use of plastic water
should not have any significant impact on the accuracy
of our results. Third, the study did not evaluate the use
of the generalized approach by De Almeida and Niatel
as recommended in TRS 398."27:28 While this method
would address some of the issue regarding indiscrim-
inate time structure, it does not address the issue of
charge multiplication effects in small ionization cham-
bers that is not sufficiently covered by TRS 398. Lastly,
our study was conducted using only two detectors and
using one machine and our results might not be entirely
representative of all possible conditions. Future stud-
ies using additional detectors and other slow extraction
synchrotron machines would provide a more compre-
hensive view on ion recombination for PBS synchrotron
beams.

5 | CONCLUSION

In this study, we demonstrated the use of TRS-398
reference dosimetry condition for monoenergetic pen-
cil beam scanned proton beams in a Hitachi Probeat
system for determining ion recombination correction
factor. Our results showed that the reference conditions
and methods of TRS-398 are sufficiently accurate for
determining ks, TVM was generally within 1% of Jaffé
plot extrapolation method for low energy and low MU
fields. However, reliability and accuracy decreased with
increasing energy and MU. Using the methods of TRS-
398, establishing the time structure of a slow extraction
synchrotron beam was nontrivial and both pulsed and
continuous time structure was observed in our study.
This ambiguity in the time structure could result in a dif-
ference in the kg of up to 2.49% when using a Farmer
chamber and 0.59% for Advanced Markus chamber.
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Lastly, there is currently a lack of information on how to
correct for charge multiplication in ionization chambers
at operating voltage range. In this study, we attempted
two proposed methods for addressing charge multipli-
cation and demonstrated that the use of these methods
could result in a fairly accurate kg and could be a
viable method for addressing charge multiplication in
chambers.
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