
Physica Medica 81 (2021) 147–154

Available online 15 January 2021
1120-1797/© 2020 Associazione Italiana di Fisica Medica. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Original paper 

Dosimetric response of a glass dosimeter in proton beams: LET-dependence 
and correction factor 

Keisuke Yasui a,*, Chihiro Omachi b, Junya Nagata c, Toshiyuki Toshito b, Hidetoshi Shimizu d, 
Takahiro Aoyama d, Naoki Hayashi a 

a Fujita Health University, Faculty of Radiological Technology, School of Health Sciences, Japan 
b Nagoya Proton Therapy Center, Nagoya City West Medical Center, Japan 
c Graduate School of Health Sciences, Fujita Health University, Japan 
d Department of Radiation Oncology, Aichi Cancer Center Hospital, Japan   

A R T I C L E  I N F O   

Keywords: 
Radiophotoluminescent glass dosimeter 
Linear energy transfer 
Proton beam 
Under-response correction 
Postal audit 

A B S T R A C T   

A radiophotoluminescent glass dosimeter (RGD) is widely used in postal audit system for photon beams in Japan. 
However, proton dosimetry in RGDs is scarcely used owing to a lack of clarity in their response to beam quality. 
In this study, we investigated RGD response to beam quality for establishing a suitable linear energy transfer 
(LET)-corrected dosimetry protocol in a therapeutic proton beam. 

The RGD response was compared with ionization chamber measurement for a 100–225 MeV passive proton 
beam. LET of the measurement points was calculated by the Monte Carlo method. An LET-correction factor, 
defined as a ratio between the non-corrected RGD dose and ionization chamber dose, of 1.226 × (LET)− 0.171 was 
derived for the RGD response. The magnitude of the LET-dependence of RGD increased with LET; for an LET of 
8.2 keV/μm, the RGD under-response was up to 16%. The coefficient of determination, mean difference ± SD of 
non-corrected RGD dose, residual range-corrected RGD dose, and LET-corrected RGD dose to the ionization 
chamber are 0.923, 3.7 ± 4.2%, − 2.4 ± 7.5%, and 0.04 ± 2.1%, respectively. The LET-corrected RGD dose was 
within 5% of the corresponding ionization chamber dose at all energies until 200 MeV, where it was 5.3% lower 
than the ionization chamber dose. 

A corrected LET-dependence of RGD using a correction factor based on a power function of LET and precise 
dosimetric verification close to the maximum LET were realized here. We further confirmed establishment of an 
accurate postal audit under various irradiation conditions.   

1. Introduction 

In recent years, both active scanning proton beam and passive proton 
beam have been widely used in the treatment of various types of tumors 
[1,2]. Several physical characteristics of a proton beam, such as a beam 
energy-dependent Bragg peak and a beam range, render dosimetric 
advantages to proton beams over the conventional photon therapy. 
Similar to the implementation of photon therapy, accurate commis
sioning, dosimetric verification of the treatment planning system (TPS), 
and quality assurance are fundamental for implementing high-quality 
proton therapy [3–5]. To verify the proton dose, various detectors, 
such as an ionization chamber, a radiochromic film, a metal oxi
de–semiconductor field-effect transistor (MOSFET) detector, a thermo
luminescent dosimeter (TLD), an optically stimulated luminescence 

dosimeter (OSLD), a diamond detector, and a radiophotoluminescent 
glass dosimeter (RGD), have been investigated and used [6–10]. Radi
ochromic films exhibit a decreasing linear response to increasing linear 
energy transfer (LET) [6]. According to the study, EBT3 film showed an 
under-response of approximately 20% at an LET of 9.27 keV/μm near 
the Bragg peak; the absolute dose difference was within 2% by using a 
linear LET-correction factor. Similar trend was observed for a MOSFET 
dosimeter with a maximum dose difference of 26% as the MOSFET 
dosimeter properly worked after the application of an LET correction 
according to the measurement depth [7]. TLDs are reported to be mostly 
stable for small changes in LET and have a dose accuracy of less than 5% 
[11]. Moreover, TLDs and OSLs exhibit an over-response and an under- 
response of approximately 7% and 4%, respectively, except in the distal 
region [8,12]. TLDs have been used as a point dosimetry tool in the 
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Imaging and Radiation Oncology Core cooperative’s proton beam clin
ical trial credentialing with a dose criterion in the range of 5–7% [13]. 
For the diamond detector, no LET dependence has been observed for 
low-energy protons [14]. LET dependence has also not been observed for 
the clinically used high-energy protons; however, there is a non- 
reproducibility among the devices [10,15]. 

RGDs were used in the postal dose audit of photon beams in Japan 
[16–18]. An RGD exhibits excellent dosimetric characteristics such as 
uniformity, reproducibility, good dose linearity, and energy de
pendency, and the possibility of in vivo measurements using an RGD 
with proton and photon beams has been reported [9,19]. In addition, an 
RGD is useful for postal audits of proton beams with residual range (Rres) 
correction [20,21]. In our previous work, we investigated the correction 
of the stopping power ratio and LET quenching for RGD dosimetry in a 
passive 200 MeV proton beam [20]. We showed that the combined 
uncertainty of RGD dosimetry using Rres-based correction was approxi
mately 3.6%, and an RGD was feasible as a postal audit dosimeter for 
proton beam therapy where Rres ˃ 1 cm. However, the RGD response for 
various proton energies used in clinical settings was not investigated 
except for a 200 MeV proton beam. Since the LET is also affected by the 
spread-out Bragg peak (SOBP) width, Rres-based correction may not 
provide sufficiently accurate dosimetry under various clinical condi
tions. Araki et al. studied the response of an RGD to various photon and 
electron beam energies in detail, and for practical use of the RGD, they 
recommended either a direct measurement of the RGD response or the 
use of the Monte Carlo (MC) simulated RGD response in the beam 
quality relative to the reference source [22]. Besides, the postal audit of 
non-reference conditions, such as the wedge field and IMRT, have been 
studied for photon therapy [17,18]. However, the response of RGDs 
under various conditions for proton therapy has to be investigated. The 
purpose of this study is to investigate the RGD response for therapeutic 
proton beams to establish a suitable dosimetry protocol considering the 
correction for LET using MC simulations. Determining the LET 

dependence of RGDs enables audits to be performed to assure doses for 
various proton treatments, such as IMPT. 

2. Materials and methods 

2.1. Beam delivery system 

The beam delivery system used in this study was PROBEAT-III 
(Hitachi Ltd., Japan) installed at Nagoya Proton Therapy Center 
(NPTC). NPTC has three treatment rooms for spot scanning and two 
passive scattering rooms with a range modulation wheel (RMW) [23]. 
The accelerator at NPTC produces proton beams with eight different 
energies in the range from 100 to 250 MeV for the passive method. We 
performed this study using passive proton beams with seven different 
energies in the range of 100–225 MeV. In passive scattering systems at 
NPTC, high-energy passive beams are mainly used in the prostate cancer 
treatment, [24,25] and middle- or low-energy passive beams are pri
marily used with respiratory gating in the treatment of the lung and liver 
tumors [26,27]. By RMW rotation in combination with the beam gating, 
each RMW can produce SOBPs in the range from 1 to 16 g/cm2 at an 
interval of 1 g/cm2 according to the range. The reference SOBP widths 
for protons with high energy (180, 200, and 225 MeV), intermediate 
energy (140 and 160 MeV), and low energy (100 and 120 MeV) were set 
at 10 cm, 6 cm, and 3 cm, respectively, depending on their ranges. The 
field size was 10 × 10 cm2 at the isocenter, which is the SOBP center of 
each energy. In this study, LET was calculated, and RGD responses were 
verified at these reference SOBP widths. 

2.2. Dosimetry and LET correction of the RGD 

RGDs (GD-302M, Asahi Techno Glass, Japan) and an automatic 
reader (FGD-1000, Asahi Techno Glass, Japan) were used in this study. 
Fig. 1(a) and (b) show the experimental setup and a curve correlating the 

Fig. 1. (a) Experimental setup and (b) a correlation between the measurement points and percentage depth dose (PDD). The red dots show the measurement points. 
(c) Schematic figure of RGD and chamber attachment for measurement and (d) schematic figure showing the magnification of the RGD and readout volume. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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measurement points and PDD, respectively. Schematic figures of an RGD 
and chamber attachment are illustrated in Fig. 1(c), and (d) displays the 
readout volume. A model GD-302M RGD has a diameter and length of 
1.5 mm and 12 mm, respectively. The readout volume has 1 mm 
diameter and 6 mm length, and it is located opposite to the serial 
number. The variation of reproducibility for the reading of the RGD is 
less than 0.9% for photon beams above 20 keV [16,28]. All RGDs were 
annealed at 400 ◦C for 1 h before measurement. Further, to improve the 
fluorescence stability, readings were taken after preheating at 70 ◦C for 
0.5 h. RGDs exhibit excellent dosimetric characteristics in terms of 
uniformity and reproducibility (±1.2%), good dose linearity ranging up 
to 30 Gy, and energy dependency, which is within 2% for photon beams 
[29–31]. Moreover, they are less prone to fading and can be read 
repeatedly. We used a 200 MeV/SOBP10 cm beam, which is the refer
ence condition at NPTC, to calibrate the RGDs. The absolute dose to 
water was determined using a PinPoint 3D Ion Chamber (model 31016, 
PTW, Germany) with a sensitivity volume of 1.45 mm radius and 2.6 
mm length. At each measurement point, we used the RGD with a 
chamber attachment as well as the ionization chamber. Rres of each point 
was defined as Rres = (Rp − z), where Rp is the practical range defined as 
the depth at which the dose falls to 10% of the dose at the SOBP center 
[32], and z is the measurement depth. The measurement depths were 
estimated at the following positions: center of SOBP, 2–4 mm inside the 
distal end of the range, between the SOBP center and distal point, the 
proximal side of the SOBP, and 5 cm depth. 

According to our previous study, a quenching effect correction is 
required for an accurate RGD dose measurement, and the quenching 
correction factors are associated with Rres [20]. Rres indicates the proton 
energy [33] and is a recommended beam quality index in the proton 
dosimetry protocol TRS-398 and standard dosimetry in Japan [32,34]. 
The Rres correction equation presented in the previous work is summa
rized as follows: 

kRGD
Q,Q0

(Rres) = 0.994+ 0.052e− 0.537Rres and (1)  

kRGD
LET (Rres) =

1
0.521 + 0.476e− 0.538(Rres)

− 0.4 , (2)  

where kRGD
Q,Q0

(Rres)andkRGD
LET (Rres) are the correction factors for the beam 

quality and the LET quenching effect, respectively. Rres-corrected RGD 
dose (Rres-correction) was calculated by multiplying the calibrated dose 
under the reference condition by both beam quality (Eq. 1) and LET (Eq. 
2) correction factors. However, as mentioned above, since LET is 
affected by irradiation conditions such as energy and SOBP width, it is 
difficult to indicate LET using Rres in low-energy proton beams. 

In this study, we compared the LET-corrected RGD dose (LET- 
correction) with Rres-correction to investigate the response character
istics of RGDs for therapeutic proton beams. We performed an MC 
simulation to calculate LET and measured the quenching effect of an 
RGD at several energies and SOBPs of therapeutic proton beams at 
multiple depths. The LET-dependence of RGD was quantified as a ratio 
between the non-corrected RGD dose and the ionization chamber dose. 
An RGD response-correction factor, which is a function of LET, was 
derived. LET values approximately ranged from 1.5 to 8.0 keV/μm. 
Irradiated doses were 200 MU for each energy. The LET of the reference 
point where the RGD was calibrated was 3.27 keV/μm. We measured the 
LET-dependence of RGD and estimated the power function from data 
fitting. The LET-correction was then calculated by multiplying the un
corrected RGD dose (u-RGD) by the obtained function. 

2.3. Monte Carlo simulation 

The Geant4 version 10.2 MC toolkit [35,36] was used to calculate 
LET in water for each energy and SOBP. The component modules of the 
proton therapy system reproduced in Geant4 were all the modules in the 
beamline including RMW, second scatter, and main/sub dose monitor. 

The RMWs of NPTC have six modulation regions per rotation. In the MC 
calculation, gating patterns to create SOBPs were tuned to provide 
simulation results that agreed well with the measured SOBPs. 

Moreover, we reproduced the materials and shape of the second 
scatter. The MC calculation was performed with a virtual water phan
tom, and the detection geometry of the LET was fixed at 12 × 3 × 1.5 
mm3. The 12 mm length and 1.5 mm thickness correspond to the actual 
RGD dimensions. However, to account for the statistical error, the lateral 
dimension is taken to be wider than the actual corresponding RGD 
dimension as it is less sensitive to changes in LET. Although there are 
various methods for calculating LET, we followed previous studies and 
used the dose-averaged LET [6,20]. The LET is given as 

LET(z) =
∫

ΦE(z)LET2(E)dE
∫

ΦE(z)LET(E)dE
, (2)  

where ΦE(z)is the fluence of protons with an energy E at a depth z. LET 
(E) is the LET with the energy E. We simulated all kinds of particles, 
including protons, electrons, photons, ions and neutrons. We used 
physics model G4HadronPhysicsFTF_BIC for hadronic interaction and 
G4EmStandardPhysics_option3 for electromagnetic interaction. The 
statistical uncertainties in the LET calculation were within 5%. 

3. Results 

3.1. Correlation of LET and Rres for each energy 

LET as a function of Rres of a therapeutic proton beam using MC 
simulation is shown in Fig. 2. For all the energies, we observe a rapid 
increase in LET for Rres values below 2 cm. Even at same Rres, there is a 
difference in LET in the range of 10–30% depending on the energy/SOBP 
width. 

3.2. LET-dependence of RGD 

Fig. 3 illustrates the variation of the LET-correction factor of RGD 
with LET. The LET dependence increases with LET, and the RGD under- 
response is up to 16% at high LETs near the end of beam range. The 
dotted line is a correction curve for the LET fitted by a power function 
that describes the relationship between the RGD response and LET. The 
LET-dependence of RGD as a function of LET is LETcorrectionfactor =

1.226× (LET)− 0.171. The value of the coefficient of determination (R2) 
was 0.923. The vertical error bars shown in Fig. 3 represent the mea
surement dose uncertainty. In the SOBP and plateau regions, the dose 
uncertainty is ±2%, and at the distal region, the dose uncertainty is 
±3%. The horizontal error bars represent the variation of LET with the 
measurement depth uncertainty (±2 mm); for example, in the SOBP and 
plateau regions of high or intermediate energies, LET uncertainties are 
around 0.01 keV/μm approximately. However, for low energies, the LET 
uncertainty is as large as 0.12 keV/μm in the SOBP region. At the distal 
point, the maximum value of the LET uncertainty is 1.52 keV/μm. 

3.3. Response of RGD to therapeutic proton beam 

Fig. 4(a-c) shows the dose difference vs. measurement depth, Rres and 
LET between RGD dose and chamber dose, respectively. For each sym
bol, the uncorrected RGD dose (u-RDG: white circle), Rres-based 
correction RGD dose (Rres-correction: filled triangle), LET-based 
correction RGD dose (LET-correction: filled circles) are shown. The 
mean difference ± SD of the errors in u-RGD, Rres-correction, and LET- 
correction are 3.7 ± 4.2%, − 2.4 ± 7.5%, and 0.04 ± 2.1%, respectively. 
Visibly, no significant trend is observed for depth in Fig. 4(a). At the end 
of each energy range, the error in u-RGD is approximately 10–16% 
under-response. In addition, at shallow measurement depths, where the 
low-energy beam is dominant, large errors in u-RGD and Rres-correction 
are observed. In Fig. 4(b), the distal, in the SOBP, and the plateau region 

K. Yasui et al.                                                                                                                                                                                                                                   



Physica Medica 81 (2021) 147–154

150

before the SOBP are indicated; at small Rres, overcorrection of Rres- 
correction and the effectiveness of LET-correction are shown. In Fig. 4 
(c), overcorrection in Rres-correction is observed for LET values above 4 
keV/μm with a maximum dose difference of 13%; however, for some 
high LET values, the overcorrection is less than 5%. Fig. 5 shows the 
absolute depth doses measured using the ionization chamber and RGD. 
Overcorrections in Rres-correction in the range of 8–9% are observed for 
low-energy proton beams. Even for the intermediate energy SOBP center 
measurement, the Rres-correction is 2.8% higher than the ionization 
chamber measurement. However, the LET-corrections agree well with 
the ionization chamber measurements at all energies although a 5.3% 
lower LET-correction than the ionization chamber measurement at the 
end of the 200 MeV is observed. The details of each measurement point 
are summarized in Table 1. 

4. Discussion 

In this study, for a therapeutic passive proton beam, we observed 
that the magnitude of the LET-dependence of RGD approached 15.7% at 
the distal end of SOBP. This LET-dependence is consistent with our 
previous work [20]. Furthermore, the LET-dependence of RGD is fitted 
as a power function of LET expressed as: LETcorrectionfactor = 1.226×

(LET)− 0.171in the ranges of 1.6–8.2 keV/μm and 3.0–21.9 cm for LET 
and Rres, respectively. Rah et al. showed that the LET-dependence of 
RGD was fitted by a second polynomial in the range of Rres 2.1–9.0 cm 
[21]. Our previous work showed that the Rres-based correction provided 
an accuracy of ±3% for Rres in the range from 1 cm to 15 cm [20]. 
Although several previous studies have proposed Rres-based correction 
methods, more clinical conditions, such as low-energy proton beams, 
require LET-based correction. Furthermore, the LET-based correction 
will potentially enable us to measure the distal end of the proton beam 

Fig. 2. LET as a function of Rres of a therapeutic 100–225 MeV proton beam using MC calculation. The SOBP widths for protons with high energy (180, 200, and 225 
MeV), intermediate energy (140 and 160 MeV), and low energy (100 and 120 MeV) are set at 10, 6, and 3 cm, respectively. 

Fig. 3. LET correction factor of the RGD as a function of LET. The dotted line is a correction curve for the LET fitted by a power function. The vertical and horizontal 
error bars show the dose uncertainty and the variation of LET with the measurement depth uncertainty, respectively. 
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Fig. 4. Variation of dose difference between RGD dose and chamber dose with (a) measurement depth, (b) Rres, and (c) LET, respectively. u-RGD, Rres-correction, 
and LET-correction data points are represented by white circles, filled triangles, and filled circles, respectively. 
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range, which has not been accurately measured by RGD. Since it directly 
uses LET, which explains the physical mechanism underlying the 
quenching effect, our method quantitatively compensates the quenching 
effect and can be applied to any combination of a proton beam and RGD, 
e.g., in combination with scanning methods. RGDs can be potentially 

used in proton postal measurement and in vivo dosimetry, and an effi
cient analysis of the observations of this study can lead to a more ac
curate dosimetry and estimation of error factors. However, especially for 
IMPT, LET may not be accurately calculated by a uniform index such as 
Rres. Therefore, a method combining the measurements with MC 

Fig. 5. Absolute depth doses measured using the ionization chamber and RGD. The chamber dose (chamber), Rres-correction, and LET-correction data points are 
represented by black squares, filled triangles, and filled circles, respectively. The dotted lines show the SOBP for each energy acquired in the ionization chamber 
during commissioning. The horizontal error bars show the measurement depth uncertainty, which is 2 mm. 

Table 1 
Details of each measurement point in terms of measurement conditions, absolute doses of ionization chambers, and differences 
between RGD and ionization chamber doses. (Meas.: Measurement, Uncer.: Uncertainty, Diff.: Difference, Co.: Correction).  

Energy, Range, 
SOBP width 

Meas. Depth 
(mm) 

Rres 

(mm) 
LET 

keV/μm) 
LET Uncer. 
(keV/μm) 

chamber dose 
(Gy) 

Diff. LET- 
co. (%) 

Diff. Rres- 
co. (%) 

Diff. u- 
RGD (%) 

225 MeV 
269 mm 
100 mm 

50 219  1.63  0.01  1.72 − 0.4 − 0.8  12.3 
169 100  2.49  0.01  2.06 − 0.9 − 2.3  3.9 
219 50  2.85  0.01  2.17 − 3.8 − 1.8  − 1.5 
234 35  2.96  0.01  2.16 − 3.5 0.9  − 1.8 
266 3  6.19  0.45  2.13 − 1.5 4.7  − 11.6 

200 MeV 
218 mm 
100 mm 

50 168  1.74  0.03  1.65 − 0.1 0.6  11.4 
118 100  2.62  0.03  1.91 − 0.9 − 2.9  3.1 
168 50  3.27  0.03  2.01 − 0.1 0.0  0.0 
191 27  3.57  0.03  2.02 − 2.4 1.4  − 3.8 
215 3  6.51  0.54  1.96 − 5.3 1.8  − 15.7 

180 MeV 
169 mm 
100 mm 

50 119  2.13  0.04  1.80 1.2 1.3  9.0 
69 100  2.48  0.04  1.92 − 1.1 − 2.1  3.8 
119 50  3.39  0.04  2.01 − 0.2 − 0.5  − 0.7 
134 35  3.66  0.04  2.00 1.5 3.1  − 0.3 
167 2  7.20  0.58  2.02 − 1.5 7.0  − 13.8 

160 MeV 
134 mm 
60 mm 

50 84  2.50  0.05  1.79 2.9 3.3  7.9 
76 58  3.13  0.05  2.07 0.2 − 0.1  1.1 
104 30  3.81  0.05  2.14 0.7 2.8  − 1.9 
118 16  4.16  0.05  2.15 − 1.4 4.7  − 5.3 
132 2  8.13  0.98  2.15 − 0.4 5.8  − 14.7 

140 MeV 
102 mm 
60 mm 

50 52  3.21  0.08  1.88 1.9 2.6  2.4 
72 30  4.06  0.08  1.91 4.3 6.0  0.6 
87 15  4.65  0.08  1.89 3.0 9.1  − 2.9 
99 3  8.21  1.49  1.92 2.4 10.4  − 12.4 

120 MeV 
69 mm 
30 mm 

50 19  4.37  0.11  2.16 2.3 6.9  − 2.6 
54 15  4.66  0.11  2.16 2.2 8.5  − 3.7 
60 9  4.95  0.11  2.16 − 0.6 8.3  − 7.3 
66 3  6.87  1.52  2.15 − 0.9 9.3  − 12.7 

100 MeV 
49 mm 
30 mm 

34 15  4.48  0.12  1.83 0.0 9.3  − 3.3 
45 4  6.80  1.22  1.86 1.0 12.5  − 10.8  
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calculations, such as the method used in this study, can be useful. 
Although LET-based correction methods using MC simulations are time- 
consuming, labor-intensive, and require knowledge of the calculation 
code, it is expected that the TPS will be able to estimate LET more easily 
[37]. In addition, analytical LET calculations based on the pencil-beam 
algorithm and LET measurements using a sealed miniaturized Tissue 
Equivalent Proportional Counter have also been developed [38,39]. 
Based on the development of these methods for calculating LET and the 
results of this study, RGDs will prove to be useful for the postal audit of 
multicenter trial using scanning methods such as IMPT. In a report 
showing the LET dependence of other dosimeters, such as Gafchromic 
films and ionization chambers, the correction equation was calculated 
by a linear fitting [6,40]. Since the RGD contains more high atomic 
number materials than these dosimeters and exhibits a different mea
surement mechanism, the power law function may have provided a 
better fitting result. The dependence of the ionization chambers on LET 
has been demonstrated for beams with a large LET variation (e.g., car
bon beams) [40]; clearly, a wider range of LET investigations is needed 
for RGDs. The cause of the decreased response of RGDs with increasing 
LET is not yet clear. In the literature, the decrease in luminescence ef
ficiency with increasing LET is attributed to a decrease in the probability 
of electron-hole traps adjacent to ion pathways where ionization is 
dense, resulting in a decrease in the efficiency to form luminescent 
centers [41]. The decrease in response of RGDs with increasing LET in 
the present study is considered to follow a similar mechanism. 

The LET-corrected RGD doses agreed well with the ionization 
chamber doses (0.04 ± 2.1%). The largest error, which was estimated to 
be approximately 5.3% for a Rres of 3 mm, was due to the dose or LET 
uncertainty caused by the positional uncertainty of the measurement. 
Rres-correction showed a large error of approximately 10% when the 
residual range was less than 2 cm, but the error was significantly less 
(0.7 ± 2.3%) for residual range greater than 2 cm. Further, because of 
the simplicity of the method, the Rres-based correction was effective 
when LET was close to the calibration condition. 

In Europe and the United States, TLDs have been used for postal audit 
of proton therapy [13,42], however, the postal audit protocol for proton 
beam has not been established in Japan. The RGD are used for postal 
audits of various irradiation methods such as IMRT for their excellent 
dose characteristics in photon therapy [10–13]. In our previous study, 
the uncertainty in RGD’s postal dosimetry for proton beam was esti
mated to be 3.6%; among them, the uncertainty due to LET was expected 
to be 3.0% [20]. This uncertainty is reduced by the LET correction factor 
established in this study. In this study, the RGDs were calibrated and 
validated at LET of 3.3 keV/μm (reference condition: 200 MeV/SOBP 10 
cm, SOBP center). Therefore, the RGD under-response has to be 
considered when calibrating using low LET photon beams. 

The uncertainties in this study are primarily the positional uncer
tainty in both the ionization chamber and RGD measurements. The 
effective measurement point of the ionization chamber is assumed to be 
approximately 1 mm toward the source [43]; however, the effective 
measurement point of an RGD has not been investigated and verified. 
The position of the effective center of an RGD may be different from that 
of the ionization chamber because an RGD contains high atomic number 
materials. In this study, the uncertainty was estimated by assuming a 
positional deviation of ±2 mm from the effective measurement point 
and depth scaling of the water-equivalent phantom. Moreover, the RGD 
has a sensitive area of 1 mm diameter, which limits the measurement 
because of the partial volume effect. In the case of particle dosimetry, 
the Bragg peak may cause steep dose gradients in the depth direction, 
which should be considered regardless of the type of detector used [8]. 
In addition, we calculated the LET in water in the MC calculation. In 
practice, however, the LET in the RGD may be different from the LET in 
the water when a high-atomic number material such as RGD is inserted. 
A detailed study of LET variation in the presence or absence of RGD is 
much needed. Although these uncertainties are limitations of the study, 
the correction equation based on the LET established in this study shows 

a very good agreement to ionization chamber dose with 0.04 ± 2.1%, 
thus verifying the usefulness of RGD. 

5. Conclusions 

We studied the LET-dependent quenching effect of RGD using ther
apeutic proton beams. The results of this study suggest that the LET- 
dependence of RGD can be corrected using a correction formula based 
on a power function of LET. This correction method enables precise 
dosimetric verification near the end of proton range and low-energy 
proton beam. Although the RGD response to the systems using ridge 
filters and the scanning needs to be verified, LET-based correction ex
plains the physical mechanism underlying the quenching effect, and our 
method may be commonly used for all irradiation methods. These re
sults will be useful in establishing a postal audit system and in-vivo 
dosimetry using RGD for proton beams. 
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