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Abstract

Radiation dosimetry in the health and medicine field is crucial to ensure there is no unnecessary ionizing radiation exposure to patients and
personnel. While various types of semiconductor dosimeters are available, photodiode sensors are seen as a reliable and cost-effective immediate
dosimeter. This study investigates the capabilities of a monolithic photodiode with an on-chip trans-impedance amplifier as a dosimeter in
diagnostic radiology. A photodiode sensor covered with black insulation tape is irradiated with the diagnostic x-ray of potential in range between
40 to 90 kV with constant tube current-time product of 50 mAs at 60 cm source-to-detector distance (SDD). Exposures of different tube current
at the range of 10 to 250 mA with a constant tube voltage of 70 kVp at the same setup are made. The photodiode sensor connected to the
electrometer gives out readings in the millivolt (mV), and the output of the photodiode and semiconductor detector is recorded. The photodiode’s
energy dependency, reproducibility, dose response, and distance dependency were evaluated as the capabilities of the photodiode to be used
as a dosimeter. For energy dependency, it shows a linearity of 0.9458, while the response to increasing tube current with a constant tube voltage
shows the R? of 0.912. The photodiode shows good dependency on the tube voltage and tube current. Other than that, it also showed a linear
coefficient of 0.5138 for distance dependence which is considered as a good linearity fit value for a photodiode as initial performance. However,
its reproducibility is poor due to its large capacitance. This monolithic photodiode with an on-chip trans-impedance amplifier has demonstrated
good results for energy dependency but poor results for reproducibility. However, the photodiode can be improvised in the future to ensure it is
suitable as a dosimeter.
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MUNOTHOE NCCJIEAOBAHUE SDPDPEKTUBHOCTH
NUCMOJIbSOBAHNA GOTOANOAHOIO CEHCOPA
B KAYECTBE JO3MMETPA

Md Radzi Y., Zulkafli N., Omar A.
Hayurbi yHusepcuteT Manaitamm, Manaiaus

Pesiome

[lo3rmeTpua u3nyyeHna B 06nacT 3APaBOOXPAaHEHUA M MeAULIMHbI UMEET peluaiollee 3HauyeHure ANA NpefoTBPalLeHUA HEHYXHOro
BO3/eCTBMA NOHU3MPYIOLIEro N3/TlyYeHNA Ha MaLMEeHTOB 1 NepcoHas. HecMoTpAa Ha AOCTYMHOCTb Pa3fINYHbIX TUMOB MNOMYNPOBOAHUKOBbIX
A03MMETPOB, GOTOAVOAHbIE AATUMKMN CUUTAIOTCA HAAEXKHBIMU 1 SKOHOMVYHBIMUA HEMOCPEACTBEHHBIMU JO3MMETPamMK. B 3Tom nccnegosaHum
13y4aloTCA BO3MOXKHOCTM UCMOJIb30BaHNA MOHOJIMTHOTO GOTOANOAA CO BCTPOEHHBIM TPAHCMMMNeJaHCHbIM yCUIMTENIEM B KauecTBe A03MMeTpa
B AnarHoctuyeckon papvonoruv. OOToAVOAHBIA AATUMK, MOKPbITbIA YEPHOW W3ONALMOHHOW NIEHTON, 0bnyYanca [MarHOCTUYECKUM
PEHTTEHOBCKMM M3lyYeH/eM B Arana3oHe HanpsXXeHni Ha nnyyatene ot 40 fo 90 KB ¢ mocToAHHON 3Kkcno3uumern 50 MAC € pacCcToAHUA B
60 cm po pgetektopa (SDD). Ha ofHo 1 Tol e ycTaHOBKEe NMPOV3BOAATCA BO3LENCTBMA Pa3IMYHOro Toka Tpy6Ku B AnanasoHe ot 10 go 250
MA C MOCTOAHHbIM HanpskeHnem Tpy6km 70 KB. DoToanoaHbI AaTUMK, MOAKIOUEHHbIV K 9NIEKTPOMETPY, BblAAeT MOKa3aHuA B MUIMBOJIbTaX
(MB), a BbIxogHOI crrHan GpoToaroaa 1 NonynpoBOAHNKOBOIrO AeTEeKTOpa 3anucbiBaeTcA. SHepreTuyeckas YyBCTBUTENIbHOCTL GpOTOANOA],
BOCMPOV3BOAUMOCTb, PeakLua Ha J03Y U 3aBUCYMOCTb OT PAcCTOAHMA OblN OLeHEHbl Kak BO3MOXHOCTU $OTOAMOAA AJ1A UCTOSIb30BaHUA
B KayecTBe Ao3umMeTpa. [I1A 3aBUCMOCTM OT SHEPrin OH MOKa3blBaeT IMHeNHOCTb 0,9458, B TO BpeMsA KaK /1A peakummn Ha yBenmueHune
TOKa TPYOKM NPU NOCTOAHHOM HanpaXeHUn TPy6kn R? paBeH 0,912. DoTOAVOA NOKa3blBaeT XOPOLLYIO 3aBUCKMOCTb OT HaNpsXKEeHVA namrbl
1 ToKa TPYOKu. TOMMMO 3TOro, OH Take Nnokasas JIMHENHbIN Ko3dduumeHT 0,5138 AnA 3aBUCKMOCTI OT PAcCTOAHMA, KOTOPbIN CYMTaeTCcA
XOPOLUMM 3HaYeHMeM NpU NNHeNHON NoAroHKe Ana GoToanoaa B KayecTBe HayalbHbIX XapakTepucTuk. OaHaKo ero BOCMpor3BoAMMOCTb
HeAOCTaTOUHO BbICOKA 13-3a 6OJbLLIOM eMKOCTU. Taknm 06pa3om, N3yyaemblii MOHONIUTHBIN GpOTOANOA CO BCTPOEHHbBIM TPaHCUMMEeJaHCHbIM
ycunutenem nokasas Xopollume pesysnbTaTbl MO SHEPreTMyeckon 3aBUCUMMOCTY, HO HU3KME pe3yfbTaTbl MO BOCMPOM3BOAUMOCTU. Tem He
MeHee, B 6yayLem $OTOANOA MOXKET ObITb YyCOBEPLUEHCTBOBAH, YTOObI 06ecneunTb ero NPUroAHOCTb B Ka4ecTBe JO3UMeTpa.
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Introduction

Radiation dosimetry is an important method to mea-
sure the exposure of ionizing radiation to the patients,
personnel, and the public. To measure and evaluates the
ionizing radiation, a radiation detector or dosimeter is
used. The dosimeter is the essential equipment required
for radiation detection, especially in radiation monitor-
ing and radiation protection. Radiation detectors or
dosimeters operate in three types of operation modes
which are pulse mode, current mode, and voltage mode.
The most common mode of dosimeters is the pulse
mode. For pulse mode, the signal from each interaction
is processed individually. Thus, it is impractical for high
event rates because it will increase the dead time, and a
lot of signals could not be detected [1]. There are prop-
erties that a dosimeter must possess at least one for it
to function as a radiation dosimeter, which are linearity,
precision and accuracy, dose rate dependence, energy
dependence, and directional dependence. In the market,
nowadays, various dosimeters had been developed over
the years, which can be used in specific energy range,
type of radiation, and type of detection. There are radia-
tion detectors that provide instant read-outs like survey
meters and display accumulated exposure doses such as
optically stimulated luminescence (OSL) dosimeter and
thermal luminescence dosimeter (TLD). The one that
provides instant reading is generally used in radiation
protection to inspect leakage or spillage of the radioac-
tive source. TLD and OSLD are the essential dosimeter
that is compulsory for workers in the radiation-related
department like in the oncology department and diag-
nostic radiology department.

There are various types of dosimeters, such as gas-
filled detectors and semiconductor detectors. Geiger-
Muller survey meter is one kind of gas-filled dosimeter
that operates in the Geiger-Muller region. Farmer’s type
of ionization chamber (IC) is another type of gas-filled
detector. It is used in quality assurance in radiotherapy.
For semiconductor detectors, there are metal-oxide
semiconductor field effect transistors (MOSFET) and sili-
con diode dosimetry. Both semiconductor detectors are
generally used for in-vivo dosimetry in radiotherapy due
to their small sizes and good energy resolution.

The Silicon diode dosimetry system is used in clini-
cal dosimetry for measurements of depth-dose, dose
profiles, and output factors. It is increasingly used for

small field dosimetry in modern therapy techniques as
they have a very small size of the sensitive volume [2].
Silicon diodes have found utility in radiation dosimetry
principally because a diode produces a current approxi-
mately 18,000 times that of an ionization chamber of
equal sensitive volume [3]. It is mentioned by Yarahmadi,
M. et al,, that diode has high spatial resolution and high
sensitivity, but it gives response dependence to energy
[2]. Unlike MOSFET, the silicon diode dosimetry system is
harder to set up since they required a long wire connect-
ed from them to the reader for read-out since it provides
immediate read-out that is not recorded by any system.

The photodiode is the alternative to the silicon diode
dosimeter because it has small size, real-time operation,
low cost, high accuracy, and precision attainable in a
wide range of doses [4]. The only lack of photodiode is its
sensitivity that varied with temperature, dose rate, and
its efficiency degrades over time.

Photodiodes have been widely used in biomedical
application as x-ray detectors in CAT scan, analyzers of
blood particles, as well as pulse oximeters due to their
excellent properties of fast response times at absolutely
low cost compared to TLDs.

In this study, photodiode sensitivity is evaluated by
comparing the OPT101 photodiode to the commercial-
ized semiconductor detector, PTW detector. The photo-
diode is selected as an alternative device for silicon diode
dosimetry due to its fundamental properties, which are
energy dependency and dose linearity.

In terms of energy dependency, a study conducted
by Oliveira, where they used four photodiodes with
different specifications, found that there is a higher
dependency in the 33 keV up to 100 keV energy range,
but it could be the result of attenuation due to the
coatings [5]. The other two studies found that the pho-
todiode output increases with the tube voltage at the
maximum energy of X-rays [4,6]. For dose linearity, a
study by Paschoal, Souza, and Santos found that the
tested BPW 34S photodiode presents a linear response
with air kerma [7]. Also, another study used photodi-
ode and found that the output of photodiode linearly
proportional to the dose delivered [4]. Therefore, the
objectives of this study are to analyze the reproduc-
ibility and consistency of OPT101 photodiode perfor-
mances and to evaluate the OPT101 photodiode effi-
ciency and sensitivity.
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Materials and methods

The OPT101 monolithic photodiode with a built-
in transimpedance amplifier, as shown in Fig. 1, is used
as the sensor for detecting the ionizing radiation from
the x-ray machine. This photodiode has a sensitive area
of 2.29 mm x 2.29 mm and a large capacitance of 1200
pF. It has high responsitivity to the ambient light with a
wavelength of 650 nm. The OPT101 photodiode is con-
nected to the digital multimeter to obtain the output re-
sponse of the photodiode after being irradiated with the
x-rays from Toshiba KX0-50s x-ray machine with energy
range from 40 kV to 90 kV. At 60 cm source-to-detector
distance (SDD), a semiconductor detector is also placed
to measure the dose received by the photodiode. The
OPT101 photodiode and PTW semiconductor detector
are placed side-by-side with the same separation from
the center of the light field. They are not placed along
with the direction of the x-ray tube (anode-cathode) due
to the anode heel effect. The PTW detector is connected
to an electrometer and gives a read-out in mGy unit. The
results obtained from the PTW detector and photodiode
are compared to investigates the capabilities of the pho-
todiode as a dosimeter.

To ensure the result obtained is not influenced by the
ambient light, the photodiode is covered with black tape
since the photodiode is sensitive to the ambient light
and high responsitivity to the light with a wavelength of
650 nm. Other than that, a lead shield is placed below
the photodiode and PTW semiconductor detector to re-
duce the backscattered radiation from the table. Without
the lead shield, the result obtained may be influenced
by the backscattered radiation and leads to increases in
readings. The value of non-irradiated output voltage of
the photodiode indicated by the multimeter was initially
recorded for control purposes.

To evaluate the photodiode performance as a dosim-
eter, the characterization of the photodiode is assessed.
Energy dependence, dose response, distance depen-
dence, and reproducibility of the photodiode are tested.
Also, the sensitivity of the photodiode is analyzed by
comparing it to a commercialized semiconductor detec-
tor, R/F/D PTW semiconductor detector.

The setup for energy dependence, dose response, re-
producibility, and sensitivity are the same (Fig. 1). Howev-
er, for energy dependence and sensitivity tests, the tube
potential is increased from 40 kVp to 90 kVp with 10 kVp
increment with a fixed tube current of 50 mA. The graph
of output-dose response is obtained to evaluate the rate
of output response increment with dose, while for the
dose response test, the tube current increases from 10
mA to 250 mA with fixed tube potential of 70 kVp. For the
reproducibility test, where the exposure factors are fixed
at 70 kVp and 50 mAs, three exposures are made every
day for five consecutive days. The distance dependency
test is performed with fixed exposure factors of 70 kVp

r PTW semiconductor
_J detector

opT101l

CE—

Electrometer

Multimeter B
' o

OPT101 Multimeter

photodiode
ctor
detector

Elactrometer

Fig. 1. Experimental setup of photodiode and semiconductor
detector under the x-ray irradiation

Puc. 1. 3kcnepuMMmeHTanbHas ycTaHOBKa AJiS UccnefoBaHus
¢oToamoaa n NoNynpoBOAHUKOBOIO AeTEKTOPA B none
PEHTreHOBCKOro U3Nly4eHus

and 50 mAs, with increasing SDD from 60 cm to 100 cm
with 10 cm increment. For the sensitivity test, where the
dose of the photodiode is compared to the dose by the
PTW R/F/D semiconductor detector, the rate of output
increases with the dose of the dose-output response is
extracted. The characterization of the photodiode is ana-
lyzed based on the result obtained. The obtained data
were plotted with a standard error of 5%.

Results

Energy dependency

The value of non-irradiated photodiode was record-
ed to be -1.232 mV. In the energy dependence study,
where the tube potential increases by a step of 10 with
a fixed tube current of 50 mA, the result in Fig. 2 showed
a linear coefficient of 0.9458, which is a good linear fit
value. Fig. 2 also shows the output response of OPT101
photodiode as the tube voltage increases from 40 kVp
to 90 kVp. Based on the graph, the output response of
photodiode for 40 kVp is greater than 50 kVp, and at 60
kVp and above, the output responses increase with tube
potential.

Dose response
Fig. 3 presents the result of the output response of
OPT101 photodiode with increasing tube current and
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fixed tube potential of 70 kVp. The graph shows the in-
creasing pattern of the output signals as the tube current
increases.

As the tube current increases from 10 mA to 20 mA,
the increment of the output signals is quite small; how-
ever, the output signal started increasing above 50 mA
to 250 mA. The linear coefficient for dose response of
OPT101 photodiode is 0.912, which is a good linearity fit
value.

Distance dependency

Fig. 4 shows the output signals of the OPT101 photo-
diode as the distance between the photodiode and the
x-ray source increasing from 60 cm to 100 cm with a 10
c¢m increment. At 100 cm SDD, the output signal is the
lowest while at 70 cm SDD, the output signal is the high-
est. The linear coefficient for the distance dependence
testis 0.5012, which is considered a low linearity fit value;
however, it is good enough for a performance of a photo-
diode. The highest deviation is 1.721 of 70 cm SDD, while
the lowest deviation is 0.404 of 80 cm SDD.

Reproducibility

Fig. 5 presents the reproducibility of the output re-
sponse of OPT101 photodiode with the same technical
factors of 70 kVp, 50 mAs, and 60 cm SDD. The readings
were taken for five consecutive days. The graph shows the
polynomial fit coefficient for reproducibility is 0.9247 and
a standard deviation of 2.022. Contrarily, a degradation of
dose accumulation was recorded for the period of 5 days.

Sensitivity

Fig. 6 presents the graph of output response to dose
with a linear coefficient of 0.9711, which shows that the
output response of photodiode proportional to dose.
The higher the dose, the greater the output signal de-
tected by the photodiode. Fig. 7 presents the graph for
measured doses of OPT101 photodiode and PTW detec-
tor. The dose measured by the PTW detector increases
as the energy increases. However, for the photodiode,
the increase of output signals as the energy increases are
not noticeable. In terms of sensitivity, the PTW detector
is more sensitive than the OPT101 photodiode since the
slope of the increment of the dose is steeper than the
slope of the photodiode.

Discussion

For the energy dependence test, where the tube po-
tential increases from 40 kVp to 90 kVp, the output re-
sponse of the photodiode increases with the tube poten-
tial. Tube potential indicates the energy of the photons.
The greater the tube potential, the higher the energy of
the photons. Thus, the photodiode’s output response in-
creases as the energy increases. A study by Nazififard, Suh
and Mahmoudieh also has the same finding where they

R*=0,9458

y=0,0438 - 16476 } {

,500

Output (mV)
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40 50 60 70 80 90 100

Fig. 2. Output response of photodiode as tube potential increases
Puc. 2. BbixogHOM OTKNUK poToAMOAA NPU YBENTUYEHUN NOTEHLIU-
ana usnyyatens
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Fig. 3. Output response of photodiode with varied tube current
Puc. 3. BbixogHasa xapakTepuctuka dotoguoa npu U3aMeHeHuu
TOKa Ha usnyyatene
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Fig. 4. Output response of photodiode to variation in distance
Puc. 4. BbixogHoW OTKAUK poTOAMOAa HA MU3BMEHEHWE PAaCCTOSAHUSA
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Fig. 5. The result for reproducibility of the
photodiode for five consecutive days with
deterioration of dose in mGy. Data were
presented in polynomial fit and 5% standard
error bar

Puc. 5. Peaynstat BOCNPOM3BOAUMOCTH
rnokasaHun ¢oToanoaa B Te4eHUe NATU JHEN
noapsAa ¢ yxyaweHuem fo3bl B MIp. laHHble
npeAcTaB/ieHbl B BUAE NOJIMHOMUANbHOWM
annpoKcMMaL MK U LWKabl CTaHAapTHOM
owunbKn 5%

Fig. 6. Output response to increasing dose
Puc. 6. OTKNMK Ha yBeNIn4eHue [03bl

Fig. 7. Comparison of dose between R/F/D
PTW semiconductor detector and OPT101
photodiode

Puc. 7. CpaBHeHMe A03bl MeXAY NOJynpoBo-
OHUKOBbIM aeTekTopom R / F / D PTW u ¢orto-
avopom OPT101
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stated that the PIN photodiode output increases with tube
potential that is the maximum energy of x-rays [6].

In dose response test, radiation exposure is made at a
fixed 70 kVp and increasing tube current, from 10 mA to
250 mA. The tube current indicates the number of pho-
tons. Therefore, the higher the tube current, the greater
the number of radiation-generated carriers collected by
the electrometer since the number of photons increases
with tube current. The good linear coefficient for increas-
ing tube current for OPT101 photodiode coincides with
the findings from Damulira’s study where the number of
charges drift in PN junctions was linear to the number of
photons in the x-ray beam [8].

Distance plays a role in measuring radiation expo-
sure. Based on inverse square law, where the greater the
distance between the x-ray source and the detector, the
lower the intensity of radiation. In this work, the tested
photodiode showed a linear coefficient of 0.5138 on the
increasing distance, SDD due to the high capacitance
of photodiode. The linear fit value is considered a good
response for varied distances for a photodiode. The dis-
tance dependence of the photodiode is related to the
Compton effect and photoelectric effect that occurs dur-
ing the irradiation of the photodiode.

OPT101 photodiode showed a potentially good re-
producibility when it was tested for five consecutive
days. The discharge of stored charges in the capacitance
within the photodiode leads to fluctuation of the output
signal of the photodiode, which resulted in a slight devia-
tion. There is no known justification yet for the inception
between the dose accumulation and output response in
the reproducibility test. However, the early hypothesis
can be made that saturation point of the output and ra-
diation dose is achieved, which where the photodiode
can no longer be used as a dosimeter.
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Dose-output response has been observed to be pro-
portional to the increasing energy. This is supported by
a statement that sensitivity loss as a function of radiation
damage depends on the photodiode’s characteristics,
the energy of the source, and the total absorbed dose [9].
Moreover, the radiation-induced current of photodiodes
only flows during the exposure, thus giving a direct mea-
surement/output electric signal [10]. This implies that
photodiodes are active and real-time dosimeters [9].

Lastly, the OPT101 photodiode has poor sensitivity
since the increased dose measured by the photodiode is
small and not noticeable due to the low output signals
compared to PTW detector. To increase the output re-
sponse of the photodiode, adding multiple photodiodes
will improve the sensitivity.

Conclusion

In this paper, the experimental evaluation of the
OPT101 photodiode is performed to assess its perfor-
mance as an immediate dosimeter. The OPT101 photo-
diode displays a good linear coefficient for energy de-
pendence and dose response. For distance dependence,
even though the linear coefficient is poor, it is considered
good enough for a photodiode. The response of the pho-
todiode to distance still could be improved further. The
OPT101 photodiode also showed good reproducibility
and sensitivity. Since OPT101 photodiode possesses the
properties of a good semiconductor dosimeter, further
study could be performed to enhance the capability of it
to be used as an immediate dosimeter also the develop-
ment of biomedical application in the future.
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