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Abstract 
To measure integral doses in image-guided radiation therapy, we developed a 
disposable mini-substrate with a 1.0-μF condenser and a silicon X-ray diode 
(Si-XD). The Si-XD is a high-sensitivity photodiode selected for detecting 
X-rays. In the substrate with dimensions of 15 × 15 mm2, the initial charging 
voltage is 3.30 V, and the charging voltage is decreased by photocurrents 
flowing through the Si-XD during X-ray exposing. The condenser in the sub-
strate is charged by a microcomputer dock, and the charging voltage is also 
measured using an analog to digital converter in the dock after exposing 
X-rays. The dock is connected to a personal computer through a USB cable, 
and integral doses are shown on the PC monitor. The doses were proportional 
to decreases in the charging voltage, and the calibrated doses corresponded 
well to those obtained using a readily available ionization chamber. 
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1. Introduction 

Currently, ionization chambers are used to measure X-ray integral doses and 
dose rates, and various chambers [1] [2] have been developed corresponding to 
objectives. In this regard, a condenser-discharge ionization chamber [3] is used 
to measure integral doses in various fields; the integral dose is measured by the 
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decrease in the condenser-charging voltage. 
Silicon X-ray diode (Si-XD) is a high-sensitivity photodiode selected for de-

tecting X-rays, and the diode has been applied to a direct-conversion detector in 
a high-sensitivity X-ray computed tomography (CT) scanner [4]. Subsequently, 
we have developed a dual-energy (DE) X-ray diode to perform DE-CT [5] for 
energy subtraction. 

Lately, we are interested in an integral dosimeter using the Si-XD for measur-
ing patient-skin doses in radiation therapy. Since various X-ray tubes are used 
clinically to improve the accuracy of dose delivery in radiation therapy [6] [7]. 
Instead of the chambers, a Si-XD is useful for discharging electric charges in the 
condenser, and the substrate dimensions can be reduced below 10 × 10 × 10 
mm3 to stick on a patient without cables. Next, the electric circuit should be insu-
lated from the skin of the patient by surface mounting, and the substrate may be 
disposable corresponding to each cancer patient in radiation therapy [8] [9] [10]. 

It is well known that standard deviations (SDs) of fluorescent-glass and ther-
moluminescence dosimeters are larger than those of chambers. However, it is 
easy to measure integral doses using small elements of the two dosimeters. In 
this regard, a small-SD mini-dosimeter is useful for measuring integral doses 
with high accuracies. 

In our research, major objectives are as follows: to develop an integral dosi-
meter using a mini-substrate with a Si-XD, to measure integral doses with small 
SDs, to realize a low-priced dosimeter, to design a skin-insulated disposable sub-
strate, and to construct a microcomputer dock for charging a condenser and for 
measuring discharging voltages corresponding to doses. Therefore, we con-
structed a condenser dosimeter using a surface-mounting mini-substrate and a 
dock. We also measured integral X-ray doses with changes in the exposure time 
and in the tube voltage. 

2. Experimental Methods 
2.1. Integral Dosimeter 

Figure 1 shows the block diagram for measuring the integral dose using a dosi-
meter substrate. A condenser in a substrate is charged using a microcomputer 
dock (mbed LPC11U24, NXP), and the substrate is separated from the dock and 
set 0.3 m from an X-ray source (RXG-1052, R-tec). When the substrate with the 
charged condenser is exposed by the X-ray generator, the condenser discharges. 
After exposing X-rays, the substrate is connected to the dock again, and the 
condenser charging voltage is measured using the dock. The dock with a 
mini-USB port is connected to a personal computer (PC) through a USB cable. 

The dosimeter substrate and its electric circuit are shown in Figure 2. The 
substrate is of a surface-mounting type to insulate skins from the circuit and 
consists of a 1.0 μF condenser, a Si-XD (S1087-01, Hamamatsu) packaged by ce-
ramic with photosensitive dimensions of 1.3 × 1.3 mm2, and a 10-kΩ resistor. In 
the Si-XD, X-ray photons are detected directly by a Si substrate, and scattered  
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Figure 1. Block diagram for measuring the integral dose using a mini-substrate, 
an mbed dock, and a PC. The condenser in the substrate is charged to 3.30 V 
by the dock, and the condenser charging voltage is also measured using the 
dock after exposing X-rays. 

 

 
Figure 2. Dosimeter substrate and its electric circuit. 

 
photons including fluorescence from the ceramic are also detected by the Si sub-
strate [11]. The Si-XD is shaded using a 25-μm-thick aluminum tape, and pene-
trating X-ray photons are detected using the Si-XD. 

Figure 3 shows the measurement principle of the integral dosimeter. First, the 
condenser is charged to 3.30 V through the resistor after closing a switch (SW1) 
connecting to a pin 40 in the mbed dock [Figure 3(a)]. Second, the Si-XD in the  
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Figure 3. Principle of the integral-dose measurement using 
the mini-substrate and the mbed dock. (a) The condenser is 
charged to 3.30 V using a pin 40 in the dock after closing SW1; 
(b) The condenser charging voltage decreases during X-ray 
exposing; and (c) The charging voltage is measured using an 
ADC (pin 20) in the dock after closing SW2. 

 
substrate is exposed, and the charging voltage decreases by photocurrents flow-
ing through the Si-XD [Figure 3(b)]. Finally, the condenser charging voltage is 
measured using an analog to digital converter (ADC, pin 20) in the mbed dock 
when the switch SW2 is closed. 

During X-ray exposing, the photocurrent flows, and the condenser charging 
voltage Vc (V) decreases. Therefore, the integral dose D (Gy) is written by: 

( )i cD k V V= − ,                           (1) 

where Vi (=3.30 V) is the initial charging voltage before exposing and k (=0.70) 
is a constant. 

2.2. Standard Dose Measurement 

Measurement of integral X-ray dose using a readily available ionization chamber 
is important to convert discharging voltages into doses. The integral X-ray dose 
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from the X-ray generator was measured using an ionization chamber (RAMTEC 
1000 plus, Toyo Medic) at a tube current of 1.0 mA without filtration. The 
chamber was placed 0.30 m from the X-ray source, and we measured the integral 
dose with changes in the exposure time from 1.0 to 5.0 min and in the tube vol-
tage from 50 to 100 kV. 

3. Results 
3.1. Standard Integral Dose 

Figure 4 shows the standard integral doses measured at a constant tube current  
 

 
Figure 4. Integral doses measured using an ionization chamber 
placed 0.30 m from the X-ray source at a tube current of 1.0 
mA. (a) Exposure time dependence of the integral dose at a 
tube voltage of 100 kV; and (b) Tube voltage dependence of the 
dose at an exposure time of 5.0 min. 
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of 1.0 mA. At a constant tube voltage of 100 kV, the integral dose was propor-
tional to the exposure time [Figure 4(a)]. Next, the integral dose increased with 
increases in the tube voltage at an exposure time of 5.0 min [Figure 4(b)]. The 
maximum dose was 0.54 Gy at a tube voltage of 100 kV and an exposure time of 
5.0 min. 

3.2. Condenser Charging Voltage 

Table 1 shows average values of the condenser charging voltages and their stan-
dard deviations (SDs) at the indicated conditions. The dose measurements were 
performed five times, and the maximum SD was 1.2 × 10−2 V at an average vol-
tage of 2.75 V. Therefore, the condenser discharging voltages corresponding to 
the integral doses were quite stable, and the integral-dose measurement could be 
carried out. 

The condenser charging voltages at a tube current of 1.0 mA are shown in 
Figure 5. The SD bars are extended and shown by the secondary axis label of 
standard deviation (0.005 V/div.). At a tube voltage of 100 kV, the condenser 
charging voltage decreased with increasing exposure time [Figure 5(a)]. Next, at 
an exposure time of 5.0 min, the charging voltage decreased with increasing tube 
voltage [Figure 5(b)]. 

3.3. Dose Calibration 

Figure 6 shows the coefficient data for dose calibration. The one-point calibra-
tion using a maximum value of 0.54 Gy at an exposure time of 5.0 min and a 
tube voltage of 100 kV is shown in Figure 6(a). And the two-point calibration  
 
Table 1. Average values and their SDs of the condenser charging voltage at the indicated 
conditions. (a) Variations with the exposure time, Tube voltage = 100 kV, Tube current = 
1.0 mA and (b) Variations with the tube voltage, Exposure time = 5.0 min, Tube current = 
1.0 mA. 

(a) 

  
Charging voltage Vc (V) 

Exposure time (min) Measurement times Average SD 
1 5 3.19 0.006 
2 5 3.01 0.003 
3 5 2.84 0.004 
4 5 2.71 0.002 
5 5 2.53 0.003 

(b) 

  
Charging voltage Vc (V) 

Tube voltage (kV) Measurement times Average SD 
50 5 3.07 0.007 
60 5 2.92 0.006 
70 5 2.84 0.005 
80 5 2.75 0.012 
90 5 2.63 0.004 
100 5 2.53 0.003 
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Figure 5. Condenser charging voltages after exposing X-rays at the indicated conditions. 
The charging voltage decreased by exposing X-rays. (a) Variations with the exposure time 
and (b) Variations with the tube voltage. 
 
for exposure-time and tube-voltage dependences using both the maximum and 
minimum doses are shown in Figure 6(b) and Figure 6(c), respectively. 

3.4. Integral Dose 

Figure 7 shows the integral X-ray doses measured using the substrate with 
changes in the exposure time and in the tube voltage. The absolute value of the 
integral dose was calculated by one-point calibration using a maximum value of 
0.54 Gy at an exposure time of 5.0 min and a tube voltage of 100 kV. The 
integral dose was in proportion to the exposure time [Figure 7(a)], and the dose 
increased with increasing tube voltage [Figure 7(b)]. 

The integral doses determined by two-point calibration using both the maxi-
mum and minimum doses are shown in Figure 8. Using a minimum dose of 
0.11 Gy at a tube voltage of 100 kV and an exposure time of 1.0 min, the integral 
doses were almost equal to those in Figure 4(a) [Figure 8(a)]. When the mini-
mum dose of 0.16 Gy was used at a tube voltage of 50 kV and an exposure time 
of 5.0 min, the integral doses were almost equal to those in Figure 4(b) [Figure 
8(b)]. 

4. Discussion 

The direct-reading condenser-discharge chamber is commercially available [12]. 
However, the mini-substrate using a Si-XD is not available, and the dimensions 
can be reduced below 10 × 10 mm2. Utilizing one-point calibration at a constant 
tube voltage of 100 kV, the integral dose was proportional to the X-ray exposure 
time. However, in the dose measurement with changes in the tube voltage, the 
doses were slightly different from those obtained using the ionization chamber 
owing to the energy dependence of the Si-XD. Therefore, the two-point calibra-
tion is desired to determine the doses with changes in the tube voltage with high 
accuracies. 

The integral dose is proportional to the exposure time, and the linear ap-
proximation was used in Figures 7(a) and Figures 8(a). Subsequently, although  
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Figure 6. Coefficient data for the dose calibration. (a) One- 
point calibration using a maximum value of 0.54 Gy at an ex-
posure time of 5.0 min and a tube voltage of 100 kV. Two- 
point calibration using the maximum and minimum doses for 
(b) exposure-time and (c) tube-voltage dependences. 
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Figure 7. Integral doses calculated from the charging voltages. Abso-
lute values of these doses are determined by one point calibration us-
ing the maximum value of 0.54 Gy at an exposure time of 5.0 min and 
a tube voltage of 100 kV. (a) With changes in the exposure time and 
(b) with changes in the tube voltage. 

 
the integral dose at a constant exposure time increases in proportion to the 
second power of the tube voltage, the standard dose measured using the cham-
ber was roughly proportional to the tube voltage at a tube-voltage range of 50 - 
100 kV. Therefore, we also used the linear approximation in Figure 7(b) and 
Figure 8(b).  

The X-ray dose rate is proportional to the tube current and to approximately  
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Figure 8. Integral doses determined by two-point calibration using 
the maximum and minimum vales. (a) Exposure time dependence 
and (b) tube voltage dependence. 

 
the second power of the tube voltage. Currently, the X-ray fluctuation increases 
with decreasing the dose rate, and the dose rates are quite stable at the mea-
surement conditions. Particularly, the dose rates were integrated at exposure 
times ranging from 1.0 to 5.0 min, and the SDs were low in the integral-dose 
measurement.  

Using the mini-substrate, the SDs of the charging voltage measured were quite 
low. However, the condenser capacity should be minimized to measure low 
integral doses at a tube voltage of 50 kV and an exposure time of 5.0 min. In ad-
dition, we are improving the electric circuits for charging the condenser and for 
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measuring the voltages, and the integral doses would be measured at high accu-
racies.  

The sensitivity of the integral dosimeter increases with decreases in the con-
denser capacity and to increases in the photoelectric area of the Si-XD. In addi-
tion, a Darlington transistor for the Si-XD will be useful to amplify the photo-
current and to improve the detector sensitivity.  

In this experiment, we used an mbed dock to charge the condenser and to 
measure the charging voltage after exposing X-rays. Thus, it is not difficult to 
realize a low-priced dosimeter system in conjunction with a PC, and the 
mini-substrate is useful for measuring the integral dose using X-ray tubes in 
radiation therapy. 

5. Conclusion 

We developed a condenser-discharge integral dosimeter using a disposable mini- 
substrate with a Si-XD. The substrate is a surface-mounting type, and the pa-
tient’s skin is insulated from the circuit. Using an mbed dock, the condenser was 
charged, and the charging voltage was also measured by the dock after exposing 
X-rays. The maximum error for measuring the voltage was below 0.5%, and it 
was easy to measure the integral doses accurately with changes in the exposure 
time utilizing one-point calibration. However, two-point calibration is desired to 
measure the dose variations with the tube voltage at high accuracies. 

Acknowledgements 

This work was supported by Grants from Keiryo Research Foundation, Promo-
tion and Mutual Aid Corporation for Private Schools of Japan, Japan Science 
and Technology Agency (JST), and JSPS KAKENHI (17K10371, 17K09068, 
17K01424, 17H00607). This was also supported by a Grant-in-Aid for Strategic 
Medical Science Research (S1491001, 2014-2018) from the Ministry of Educa-
tion, Culture, Sports, Science and Technology of Japan. 

References 
[1] Gööket, A., Geerts, W., Hambsch, F.J., Oberstedt, S., Vidali, M. and Zeynalov, Sh. 

(2016) A Position-Sensitive Twin Ionization Chamber for Fission Fragment and 
Prompt Neutron Correlation Experiments. Nuclear Instruments and Methods in 
Physics Research Section A, 830, 366-374.  
http://www.sciencedirect.com/science/article/pii/S0168900216305435  

[2] Gaudefroy, L., Roger, T., Pancin, J., Spitaels, C., Aupiais, J. and Mottier, J. (2017) A 
Twin Frisch-Grid Ionization Chamber as a Selective Detector for the Delayed 
Gamma-Spectroscopy of fission Fragments. Nuclear Instruments and Methods in 
Physics Research Section A, 855, 133-139.  
http://www.sciencedirect.com/science/article/pii/S0168900217302711  

[3] Cederlund, J. (1960) A Three-Electrode Ionization Condenser Chamber. British 
Journal of Radiology, 33, 105-109. https://doi.org/10.1259/0007-1285-33-386-105 

[4] Matsushita, R., Sato, E. , Yanbe, Y., Chiba, H., Maeda, T., Hagiwara, O., Matsukiyo, 
H., Osawa, A., Enomoto, T., Watanabe, M., Kusachi, S., Sato, S., Ogawa, A. and 

https://doi.org/10.4236/ijmpcero.2018.71004
http://www.sciencedirect.com/science/article/pii/S0168900216305435
http://www.sciencedirect.com/science/article/pii/S0168900217302711
https://doi.org/10.1259/0007-1285-33-386-105


S. Yamaguchi et al. 
 

 

DOI: 10.4236/ijmpcero.2018.71004 46 Int. J. Medical Physics, Clinical Engineering and Radiation Oncology 

 

Onagawa, J. (2013) Low-Dose-Rate Computed Tomography System Utilizing 25 
mm/s-Scan Silicon X-Ray Diode and Its Application to Iodine K-Edge Imaging Us-
ing Filtered Bremsstrahlung Photons. Japanese Journal of Applied Physics, 52, 
032202-1-5. http://iopscience.iop.org/article/10.7567/JJAP.52.032202 
https://doi.org/10.7567/JJAP.52.032202 

[5] Sato, Y., Sato, E., Ehara, S., Oda, Y., Hagiwara, O., Matsukiyo, H., Enomoto, T., 
Watanabe, M. and Kusachi, S. (2015) Development of a Dual-Energy Silicon X-Ray 
Diode and Its Application to Gadolinium Imaging. Radiation Measurement, 77, 
12-17. http://www.sciencedirect.com/science/article/pii/S1350448715300044 
https://doi.org/10.1016/j.radmeas.2015.04.003 

[6] Groh, B.A., Siewerdsen, J.H., Drake, D.G., Wong, J.W. and Jaffray, D.A. (2002) A 
Performance Comparison of Flat-Panel Imager-Based MV and kV Cone-Beam CT. 
Medical Physics, 29, 967-975. https://doi.org/10.1118/1.1477234 

[7] Thapa, B.B. and Molloy, J.A. (2013) Feasibility of an Image Planning System for Ki-
lovoltage Image-Guided Radiation Therapy. Medical Physics, 40, 061703-1-10.  
https://doi.org/10.1118/1.4803508 

[8] Kanamoto, M., Miyati, T., Terashima, K., Suga, D. and Fuwa, N. (2016) Preliminary 
Study of Apparent Diffusion Coefficient Assessment after Ion Beam Therapy for 
Hepatocellular Carcinoma. Radiological Physics and Technology, 9, 233-239.  
https://link.springer.com/article/10.1007/s12194-016-0354-5  

[9] Onizuka, R., Araki, F., Ohno, T., Nakaguchi, Y., Kai, Y., Tomiyama, Y. and Hioki, 
K. (2016) Accuracy of Dose Calculation Algorithms for Virtual Heterogeneous 
Phantoms and Intensity-Modulated Radiation Therapy in the Head and Neck. Ra-
diological Physics and Technology, 9, 77-87.  
https://link.springer.com/article/10.1007%2Fs12194-015-0336-z 
https://doi.org/10.1007/s12194-015-0336-z 

[10] Takakura, T., Ito, Y., Higashikawa, A., Nishiyama, T. and Sakamoto, T. (2016) Veri-
fication of the Dose Attenuation of a Newly Developed Vacuum Cushion for Inten-
sity-Modulated Radiation Therapy of Prostate Cancer. Radiological Physics and 
Technology, 9, 270-276.  
https://link.springer.com/article/10.1007%2Fs12194-016-0359-0 
https://doi.org/10.1007/s12194-016-0359-0 

[11] Arakawa, Y., Sato, E., Kogita, H., Hamaya, T., Nihei, S., Numahata, W., Kami, S., 
Oda, Y., Hagiwara, O., Matsukiyo, H., Osawa, A., Enomoto, T., Watanabe, M., Ku-
sachi, S., Sato, S. and Ogawa, A. (2014) Investigation of X-Ray Photon-Counting 
Using Ceramic-Substrate Silicon Diode and Its Application to Gadolinium Imaging. 
Japanese Journal of Applied Physics, 53, 072201-1-5.  
http://iopscience.iop.org/article/10.7567/JJAP.53.072201  
https://doi.org/10.7567/JJAP.53.072201 

[12] (2017) Measure Works.  
https://www.measureworks.co.jp/Directreadingdosimeter.htm  

 
 

https://doi.org/10.4236/ijmpcero.2018.71004
http://iopscience.iop.org/article/10.7567/JJAP.52.032202
https://doi.org/10.7567/JJAP.52.032202
http://www.sciencedirect.com/science/article/pii/S1350448715300044
https://doi.org/10.1016/j.radmeas.2015.04.003
https://doi.org/10.1118/1.1477234
https://doi.org/10.1118/1.4803508
https://link.springer.com/article/10.1007/s12194-016-0354-5
https://link.springer.com/article/10.1007%2Fs12194-015-0336-z
https://doi.org/10.1007/s12194-015-0336-z
https://link.springer.com/article/10.1007%2Fs12194-016-0359-0
https://doi.org/10.1007/s12194-016-0359-0
http://iopscience.iop.org/article/10.7567/JJAP.53.072201
https://doi.org/10.7567/JJAP.53.072201
https://www.measureworks.co.jp/Directreadingdosimeter.htm

	Disposable Condenser Dosimeter Using a Skin-Insulated Mini-Substrate with a Silicon X-Ray Diode in Image-Guided Radiation Therapy
	Abstract
	Keywords
	1. Introduction
	2. Experimental Methods
	2.1. Integral Dosimeter
	2.2. Standard Dose Measurement

	3. Results
	3.1. Standard Integral Dose
	3.2. Condenser Charging Voltage
	3.3. Dose Calibration
	3.4. Integral Dose

	4. Discussion
	5. Conclusion
	Acknowledgements
	References

