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Abstract

This study aimed at developing a pulse dosimeter for radiation therapy. The
dose per pulse (DPP) and instantaneous dose rates of a commercially avail-
able medical linear accelerator were measured using a novel detector com-
posed of a silicon photodiode (Si-PD) with a 0.4-mm-thick Cu filter, single
operational amplifier, resistor, capacitor, and substrate. The pulse voltages
from the detector were measured using an analog-to-digital converter. The
dependence of 50, 100, 150, 200, and 250 monitor units (MU) was measured
at a depth of 100 mm with a field size of 100 x 100 mm? and a constant
distance of 1.0 m between the source and detector. Each MU was subjected
to three measurements under a 10-MV flattening filter-free mode with a
dose rate of 2400 MU/min. The DPP (mGy) was calibrated at 100 MUs using
a Farmer-type ionization chamber, and the instantaneous dose rates were
calculated using assumed values of a 2.8 ms pulse interval and a 4.5 us pulse
width. The depth dependence was also measured at 20 and 100 mm with a
field size of 50 x 50 mm? for 100 MUs. The number of pulses was propor-
tional to that of MUs with maximum values of DPP being 1.422 and 1.100
mGy/pulse at depths of 20 and 100 mm, respectively; the corresponding in-
stantaneous dose rates were 0.508 and 0.393 Gy/s at 2.8 ms and 316.0 and
244.3 Gy/s at 4.5 ps. The results indicate that the developed Si-PD detector
can efficiently measure DPP and instantaneous dose rates.
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Dose Rate

1. Introduction

The primary purpose of various types of dosimeters used in radiotherapy is to
ensure that the cumulative absorbed dose in patients planned by the treatment
planning system. However, there exists a trade-off between damage to normal tis-
sues and therapeutic effect, which limits the prescribed dose. An ultra-high dose-
rate radiation therapy, referred to as “FLASH”, has been gaining attention owing
to its sparing effect on normal tissue without compromising the therapeutic effect
on the tumor [1]. Several studies have reported the effectiveness of FLASH in
small animals [2]-[4], and the development of a clinical treatment device using X-
rays, electron beams, and proton beams has been investigated [5] [6]. However,
the mechanism underlying the effects remains unclear.

Recently, the flattening filter-free (FFF) mode has been introduced in medical
LINAGCs, enabling substantially higher dose rates by removing the flattening filter
[7]-[9]. Although its biological effects appear comparable to those of conventional
radiotherapy [10] [11], to date, no commercially available dosimeter has been re-
ported that is validated for the direct measurement of dose rate or dose per pulse
(DPP) in FFF beams. To assess potential FLASH-related effects, it is essential to
account for dose-rate variations in conventional treatments, particularly through
accurate measurement of DPP.

Therefore, I propose a pulse detector to measure the DPP using a silicon pho-
todiode (Si-PD) as a relative dosimeter in this study. The Si-PD sensor (with sen-
sitive dimensions of 1.3 x 1.3 mm?) is smaller than the smallest ionization cham-
ber, providing a simple and cost-effective electrical circuit design. Additionally,
the circuit can be applied to multi-dimensional array detectors as it uses a voltage
of less than 5.0 V.

The Si-PD sensor has been used to measure the cumulative dose for the devel-
opment of capacitor dosimeters [12] [13]. Therein, I developed a cumulative do-
simeter using a Si-PD with a capacitor to measure the cumulative dose using a
medical LINAGC; the calibrated dose was in good agreement with the value meas-
ured using a commercially available ionization chamber with a small standard de-
viation [14] [15].

Subsequently, I developed a Si-PD detector for measuring dose rates using a
resistor of 20 MQ with a time constant of 2.0 ms [16]. The detector could measure
up to 0.61 Gy/s using a customized X-ray tube generator, and the dose rate was
proportional in the range of 0.05 to 0.6 Gy/s. However, the number of pulses
(pulse count) could not be adequately detected using a medical LINAC because
the measured pulse width was large owing to the time constant. Moreover, the
analog-to-digital converter (ADC) used was inadequate in its performance.

Based on these findings, I propose a novel Si-PD pulse detector in this study,
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wherein a high-speed ADC is used and the resistance is modified from 20 MQ to
2 MQ. Herein, I investigated the monitor unit (MU) and depth dependencies of
the developed Si-PD pulse detector. A 10-MV FFF mode with a dose rate of 2400
MU/min was used for measurements to output the maximum dose rate in a com-
mercially available medical LINAC.

At present, there is no standardized dose-rate dosimeter available for radiother-
apy. Therefore, I used a Farmer-type ionization chamber to convert the DPP and

provisionally calculated the instantaneous dose rates.

2. Methods

Figure 1(a) depicts the configuration of the Si-PD pulse detector. Figure 1(b)
illustrates the appearance and electrical circuit of the substrate. The Si-PD sub-
strate comprises a Si-PD sensor (51087-01; Hamamatsu Photonics KK), comple-
mentary metal-oxide semiconductor (CMOS) single operational amplifier
(LMC6081; Texas Instruments), resistor (2 MQ; KOA), and capacitor (100 pF;
TDK). The Si-PD sensor was shaded using a 75-um-thick aluminum tape and
covered with a Cu filter of 0.4 mm thickness for energy correction. A 2.5-mm-
thick acrylic plate was attached below the substrate for insulation. Additionally,
three dry cell batteries of 1.5 V were used to power the CMOS single operational
amplifier at approximately 4.5 V. The Si-PD sensor with sensitive dimensions of
1.3 x 1.3 mm? detected ionizing radiation as photocurrents, which were converted
into output voltages using the single operational amplifier in the substrate. The
amplified output voltages were then converted into digital data using a high-speed
ADC (RAI-16, ELMOS Co., Ltd.) with a sampling period of 0.1 ms (sampling clock
= 10 kHz) via a lead wire. The measured data were stored on a personal computer
(PC) through a universal serial bus (USB) cable. The Si-PD pulse detector output a

(a) Si-PD Lead wire High-speed USB cable
substrate  INVeRRRI: ADC

Cl
(b) Cu filter (0.4 mm thickness) Photosensitive area i I
(1.3% 1.3 mm?) 1005
o :
R1
-------
Acrylic o Si-PD Sensor
plate "4 e LMC6081
. . +
Si-PD substrate Si-PD ADC output

Figure 1. Configuration of the silicon photodiode (Si-PD) pulse detector. (b) Appearance
and electrical circuit of the Si-PD sensor with a 0.4-mm-thick Cu filter, single operational
amplifier, resistor, capacitor, and substrate.
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pulse waveform as the voltage, and the peak voltages of the pulse is proportional
to the DPP. Therefore, the peak voltages were extracted and used for the DPP
conversion.

Figure 2 depicts the experimental setup used for measurements with a medical
LINAC (TrueBeamSTx, Varian Medical Systems) and a solid-water phantom
(WD, Kyoto Kagaku, Japan) with a physical density of 1020 kg m™. The upper
surface of the Si-PD sensor was set to a constant distance of 1000 mm from the X-
ray source. The depth was set to 100 mm by placing the sensor in the solid-water
phantom. The source-to-surface distance (SSD) was 900 mm and the field size was
100 x 100 mm? at a distance of 1000 mm on a medical LINAC. The 10-MV FFF
mode with a dose rate of 2400 MU/min and outputs of 50, 100, 150, 200, and 250
MUs was employed. These measurements were performed three times for each
MU using a Si-PD substrate, and the peak voltages were extracted. The pulse peak
voltages were extracted using an Excel macro that compared three consecutive
data points in the measured time-series. A data point was identified as a local peak
when its value exceeded those of the preceding and following points. To avoid
noise-related false detections, only peaks with amplitudes greater than 0.05 V were
recognized as valid pulses, and their peak voltages were recorded. The collected
data were statistically analyzed using JMP 10 software (SAS Institute Inc.) based
on the one-way analysis of variance (ANOVA). The differences among averages
were analyzed using a two-sided student’s t-test, with the level of statistical signif-
icance set to p < 0.05.

As the number of measured peak voltages is identical to the pulse count, the
MU dependence of the pulse count was also evaluated.

DPP conversion was performed with an output of 100 MUs and a depth of 100
mm, based on an absolute dose measured using a Farmer-type ionization chamber

Medical LINAC
X-ray source

n
i
I

Nlodical LIN AC‘ - \ 10MV-FFF (2400 MU / min)

-

100 X 100 mm? field
SSD =900 mm

Si-PD substrate

phantom i 3
< . ot ,,’ “‘.
4 i | Depth =100 njm
—~— 0o \
... au {100 mm
High-speed < . b
- ADC
. 100 mm
Solid—water
phantom
300 mm

Figure 2. Experimental setup for pulse measurement using a medical linear accelerator
(LINAC) with a field size of 100 x 100 mm? and source-to-surface distance (SSD) of 900
mm.
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(N30013; PTW, Freiburg) at a position identical to that of the Si-PD substrate.
The conversion factor (CF) was calculated using the following equation:

CF( m;}yj :Dﬁ;/(f(nVG)Y)

s

where D, denotes the absolute dose (mGy) and V indicates the sum of the peak
voltages ( V) measured using the Si-PD pulse detector. CFwas used to convert the
peak voltages (V) into DPP (mGy) and calculate the instantaneous dose rates by
considering a pulse interval time of 2.8 ms and a pulse width of 4.5 ps in the med-
ical LINAC (Varian Medical Systems, personal communiqué).

Furthermore, the depth dependence was evaluated using a solid-water phan-
tom. The upper surface of the Si-PD sensor was set to a constant value of 1000
mm from the X-ray source, and depths of 20 and 100 mm were measured in the
solid-water phantom, with SSDs of 980 and 900 mm, respectively. A field size of
50 x 50 mm? at a distance of 1000 mm and 10-MV FFF mode with a dose rate of
2400 MU/min at 100 MUs were used. The measurement was performed once and

the peak voltages were extracted for each depth.

3. Results

Figure 3 illustrates the output voltages measured at a depth of 100 mm with a
field size of 100 x 100 mm?* using a Si-PD pulse detector. Figures 3(a)-(c) depict
the 1%, 2™, and 3™ measurement results with irradiation starting from 0 to 140
ms, respectively. The pulse waveforms appeared clearly for each measurement,
and variations in the peak voltage, indicative of DPP, were observed. The pulse

interval was approximately 2.8 ms under all conditions. However, some missing
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Figure 3. Measurement of pulse voltages using a silicon photodiode (Si-PD) pulse detector at a depth of 100 mm with a field size of
100 x 100 mm? at a source-to-surface distance (SSD) of 900 mm.
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pulses were observed (indicated by arrows in Figure 3(a) and Figure 3(c)). Addi-
tionally, significantly low peak voltages of less than 1.0 V were observed from the
initiation of irradiation up to approximately several tens of milliseconds under all
conditions.
Table 1 lists the pulse counts obtained from the peak voltages extracted for each
condition. The difference in the pulse counts for each MU was within three pulses.
Figure 4 depicts the relationship between the MU and average pulse counts.

The measured pulse counts were proportional to the number of MUs.

Table 1. Number of pulses extracted from the peak voltages measured using a Si-PD pulse
detector. Measurements were performed three times for each MU.

Number of pulses

MU Average = SD
1st ond 3rd
50 409 408 408 408.3 £ 0.58
100 810 811 810 810.3 £ 0.58
150 1213 1213 1213 1213.0 £ 0.00
200 1615 1617 1616 1616.0 = 1.00
250 2018 2016 2015 2016.3 £ 1.53
2500
2000 o
% y =8.0433333x + 6.3 ’
=z R?=0.999997
S 1500
3]
5
S .
g g
= 1000
."....
500
.
0
0 50 100 150 200 250 300
MU

Figure 4. Monitor unit (MU) dependence evaluated using a silicon photodiode (Si-PD)
pulse detector. The linear approximation was calculated using JMP 10 software (p <
0.0001*)

Table 2 lists the peak voltages extracted under each condition. The average and
standard deviation (SD) are presented in Table 2(a), and the sum of the peak volt-
ages is summarized in Table 2(b). Those extracted peak voltages include the
low-amplitude pulses observed during the first several tens of milliseconds under

each condition. A comparison of the peak voltages using ANOVA was determined
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to be statistically significant for 200 and 250 MUs at p = 0.0009 and 0.0002, re-
spectively. The value of Vsat 100 MUs was 1221.7 V.

Figure 5 illustrates a statistical comparison of the peak voltages for each MU
using a two-sided student’s t-test with a significance level of p < 0.05. These box-
plots indicate medians, average values (cross marks), outliers, maximum values,
minimum values, and 25" and 75" percentiles. The results were statistically insig-
nificant for 50 MUs (Figure 5(a)) and 100 MUs (Figure 5(b)), whereas the results
exhibited some statistical significance for 150 MUs (Figure 5(c)), 200 MUs (Fig-
ure 5(d)) and 250 MUs (Figure 5(e)). The outliers were observed under all con-
ditions.

Figure 6 depicts the calibration results for DPP. The absolute dose (Da) meas-
ured using the ionization chamber was 0.8064 Gy for 100 MUs; therefore, the

Table 2. (a) Average values and standard deviation (SD) of peak voltages and statistical comparison obtained using ANOVA. (b)
Sum of the peak voltages and Vs (average of the sum of the peak voltages).

(a) Average + SD of peak voltage (V) (b) Sum of peak voltage (V) Average
MU pvalue
18t 2nd 3rd 18t 2nd 3rd ( VS)
50 1.490 + 0.141 1.490 + 0.140 1.488 £ 0.138 0.9765 609.6 607.9 607.3 608.3
100 1.512 £0.127 1.507 £ 0.131 1.505 £ 0.128 0.5454 1224.3 1221.9 1218.8 1221.7
150 1.531 £0.124 1.520 £ 0.124 1.520 £ 0.127 0.0650 1856.7 1844.3 1844.2 1848.4
200 1.552 £ 0.123 1.544 + 0.122 1.535 £ 0.123 0.0009* 2505.9 2496.1 2481.2 2494.4
250 1.575 £ 0.122 1.570 £ 0.122 1.559 £ 0.121 0.0002* 3178.0 3164.6 3141.9 3161.5
(a) 50 MU (b) 100 MU (c) 150 MU
2.4 " 2.4 2.4
22 p=08342 29 p=02854 79 p=00423*
. 2 =0.9589 . p=04442 : p=0.0435%
= 20 T e ; 2.0 T =oais s> 2.0 T e
218 — Z 18 —= Z18 it
() (]
on 1.6 g L6 sn 1.6
214 * S 14 ? 214 ??
Z 12 212 =12 R
S 10 * s € 10 | $ 1.0 s
A~ 08 ~ 0.8 L ~ 08
0.6 0.6 0.6
0.4 0.4 0.4
(d) 200 MU (e) 250 MU
gg p=0.0002* 342" P <0.0001*
2'0 =0.0646 2'0 p=0.1853 M st
—~ — —~ [ —
E/ 1.8 £=0.0570 \>_/ ]'8 p=0.0061* M 2nd
gn 1.6 gn 1.6 b 71 3rd
R R
5 10 . g 10 Do
~ 08 . ~ 0.8 tos
0.6 0.6
0.4 04

Figure 5. Statistical comparison of the peak voltages extracted from the output voltages for the dependence of 50, 100, 150, 200, and
250 monitor units (MUs) performed using the student’s t-test at a significance level of p < 0.05. The boxplots indicate medians,

average values (cross marks), outliers, maximum values, minimum values, and 25" and 75" percentiles.
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value of CFwas 0.660 mGy/V. Figure 6(a) shows the DPP calibration results mul-
tiplied by the extracted peak voltages and CFvalues. Figure 6(b) and Figure 6(c)
illustrate the instantaneous dose rates calculated by considering a pulse interval of
2.8 ms and a pulse width of 4.5 us. The maximum DPP was 1.120 mGy/pulse, and
the instantaneous dose rates were 0.400 Gy/s at 2.8 ms and 248.9 Gy/s at 4.5 ps.
Figure 7 depicts the results of depth dependence using a field size of 50 x 50
mm? at depths of 20 and 100 mm. The output voltages were measured once at each
depth using a Si-PD pulse detector. The difference in the extracted peak voltages was
observed, and the DPP at 20 mm was higher than that at 100 mm. The maximum

(a) DPP (mGy) (b) Dose rate (Gy/s) at 2.8 ms (c) Dose rate (Gy/s) at 4.5 ps
14 0.50 300
13 o4 280 M st
12 B g, 260 M 2nd
11 © 040 ‘ 2 240
—_ © [ 2]
& 10 S 035 o 220 o
£ 09 o T 200 e
Y = s
E 08 g 0.30 L‘; 180
07 PO S 5 025 R 5 160 S
06 ° . g . S 140 ° . :
. 5 - a .
05 . 020 . 120 ! :
0.4 0.15 100 :

Figure 6. Dose calibration results of the silicon photodiode (Si-PD) pulse detector with a field size of 100 x 100 mm? and a depth of
100 mm. (a) Dose per pulse. (b) Dose rate at 2.8 ms (pulse interval). (c) Dose rate at 4.5 ps (pulse width). The boxplots include
medians, average values (cross marks), outliers, maximum values, minimum values, and 25" and 75" percentiles

(a) Peak voltage (b) DPP
2.4 1.5
22 1.4 M 20 mm
2.0 1.3 M 100 mm
Z 18 12
& 16 & 11
£ £ 10
g ° =3 ’
i : £ 09 :
§ 12 ° . .
¥ 0.8 o
1.0 . 0.7 .
08 ’ 0.6 .
0.6 0.5
(c) Dose rate at 2.8 ms (d) Dose rate at 4.5 ps
0.60 350
. 0.55
Q 2 300
@ 0.50 8
2 0.45 \g
o 0.40 \n 250
e\ <
: 03 : ? :
£ 030 . & .
8 o g °
g 025 : & 150 :
0.20 ° o
0.15 100

Figure 7. Depth dependence for a field size of 50 x 50 mm? in the 10-MV flattening filter-free (FFF)
mode. (a) Peak voltage. (b) Dose per pulse. (c) Dose rate at 2.8 ms (pulse interval). (d) Dose rate at 4.5

us (pulse width). The boxplots include medians, average values (cross marks), outliers, maximum values,

minimum values, and 25" and 75% percentiles.
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DPP values at depths of 20 and 100 mm were 1.422 and 1.100 mGy/pulse, respec-
tively. The maximum instantaneous dose rates at depths of 20 and 100 mm were
0.508 and 0.393 Gy/s at 2.8 ms and 316.0 and 244.3 Gy/s at 4.5 ps, respectively.

4. Discussion

The FFF mode comprises a function called dose servo, which achieves the average
dose rate by reducing the pulse during irradiation [17]. The pulse losses in the
pulse waveforms (Figure 3(a) and Figure 3(c)) were attributed to dose servo.
However, the difference of only a few pulses measured three times at each MU
(Table 1) was observed with high reproducibility.

A statistically significant difference was observed in the peak voltages as the
number of MUs increased (Figure 5). These observations suggest that when the
MU value is high, the reproducibility of the output decreases due to variations in
the DPP parameter.

As no standardized method exists for measuring DPP, I calculated the radiation
dose using an ionization chamber, which is used as a standard dosimeter in radi-
ation therapy. The absorbed dose (Gy) of water calculated by the ionization cham-
ber was the cumulative dose; this was converted to DPP by calculating the sum of
each peak voltage and by determining the value of CF. This calculation method is
feasible because the FFF mode uses a constant pulse width. However, the calibra-
tion method used in this study is a simplified approach derived from the cumula-
tive dose. Because it includes the low-amplitude pulses observed during the first
several tens of milliseconds, it is not suitable as a future DPP calibration method.

Regarding the depth dependence, measurements with the ionization chamber
at a depth of 20 mm were subject to large uncertainties because this region lies
within the buildup region and is therefore unsuitable as a calibration condition.
For this reason, a depth of 100 mm with a standard field size of 100 x 100 mm?
was adopted as the calibration condition. A detailed investigation of the depth
dependence of the CF value for the Si-PD pulse detector used in this study was
not conducted and remains a subject for future work.

Furthermore, because the pulse detector used in this study has a time constant
of 0.2 ms, the measured pulse width is broadened. Therefore, the true pulse width
on the order of several microseconds cannot be directly determined.

To obtain more accurate DPP and dose-rate values with this detector, an ap-
propriate calibration procedure using a high-accuracy reference dosimeter capa-
ble of pulse measurements must be established. In this study, provisional DPP and
dose rates were calculated from the measured peak voltages; however, the pulse
interval of 2.8 ms and the pulse width of 4.5 us used for the dose-rate calculation
were estimated values based on various sources. The measurement and validation
of the pulse width and pulse interval were also not addressed in this work and
remain subjects for future investigation.

As a reference, several studies have reported DPP measurements in FFF mode.
Xiao et al [18] reported a DPP value of 0.13 cGy/pulse (ie., 1.3 mGy/pulse) at a
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depth of 2.3 cm (dmax) in a 10-MV FFF beam based on the manufacturer’s infor-
mation; this corresponds to the median value shown in Figure 7(b) at a depth of
20 mm.

This study confirmed the feasibility of measuring pulsed photon beams gener-
ated in the flattening filter free (FFF) mode of a medical linear accelerator using a
Si PD pulse detector. The measurement and characterization of other types of ion-

izing radiation remain subjects for future investigation.

5. Conclusion

In this study, I developed a novel detector for pulse measurement using a Si-PD
sensor and investigated the feasibility of DPP measurement in the 10-MV FFF
mode using a commercially available medical LINAC. The pulse waveform meas-
ured by the detector exhibited reduced pulses during the irradiation because of
the dose servo function of the FFF mode, and a significantly low DPP was ob-
served for several tens of milliseconds after the initiation of irradiation. However,
the overall difference was of only a few pulses with high reproducibility. The num-
ber of pulses measured was proportional to that of MUs. Both DPP and instanta-
neous dose rates were provisionally calculated using an ionization chamber, and
the results were equivalent to those obtained in the FFF mode. The results confirm
that the Si-PD pulse detector can be a promising tool for measuring DPP and in-

stantaneous dose rates in radiation therapy.
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