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Abstract The photoelectric device of a scintillation

dosimeter converts photons produced by radiation into an

electrical signal. Its features directly determine the overall

performance of the dosimeter. For a plastic scintillation

fiber dosimeter (PSFD) with a current readout mode, sys-

tematic studies of the stability and light-dose response were

performed for the photomultiplier tube (PMT), silicon

photomultiplier (SiPM), avalanche photodiode (APD), and

photodiode (PD). The temperature stability, long-term

stability, repeatability, signal-to-noise ratio (SNR), and

current dose response of the PSFD with the abovemen-

tioned photoelectric devices were studied using a pulsed

LED light source and the Small Animal Radiation Therapy

platform. An exponential relationship between the dark/net

current and temperature was obtained for all the devices. It

is shown that the APD is the most sensitive device to

temperature, with a current dependence on temperature

reaching 6.5% �C�1 at room temperature, whereas for the

other devices this dependence is always \0:6% �C�1. In

terms of long-term stability, the net current of PD can

change by up to 4% when working continuously for 8 h

and 2% when working intermittently for 32 h, whereas for

the other devices, the changes are all\1%. For the dose

response, the PMT and SiPM exhibit excellent linear

responses and SNRs within the range of 0.1–60 Gy/min.

For the PSFD with a current readout mode, the perfor-

mance of the PMT and SiPM is concluded to be better than

that of the other devices in the study. In particular, the

SiPM, which has a compact size, low bias voltage, and

antimagnetic interference, has great advantages for further

applications.

Keywords Photoelectric device � Plastic scintillation fiber

dosimeter (PSFD) � Current readout � Dose response

1 Introduction

In vivo dosimetry (IVD) is one of the most direct

methods for quality assurance during radiation therapy and

is now widely recommended. IVD can provide a real-time

dose rate of a reference site or the dose rate distribution of

a certain tissue in the radiation field, which can be used to

assess the differences between the planned and delivered
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dose [1–3]. An effective dose imaging system or point

dosimeter is key to IVD. Dose imaging systems, such as

electronic portal imaging devices [4], positron emission

tomography, and single photon emission computed

tomography in particle therapy [5], are the highest per-

forming systems for IVD, but they also require advanced

technology and imagining support and are still not fully

implemented or explored. In contrast, point dosimeters are

widely used in IVD because of their simple structure and

intuitive measurement results. Several types of point

dosimeters have been explored in IVD; these include as

diode dosimeters [6], metal oxide semiconductor field

effect transistors [7], new semiconductor dosimeters [8],

and plastic scintillation fiber dosimeters (PSFDs) [9–14].

With the advantages of good tissue equivalence, radiation

resistance, small size, and highly reliable accuracy, the

PSFD is one of the most promising point dosimeters used

in IVD [15].

For the PSFD, the absorbed dose of the scintillation fiber

can be obtained by measuring its light yield using a pho-

toelectric device. Within a certain dose rate, the operation

current of the photoelectric device is linearly proportional

to the intensity of the measured light. Therefore, by mea-

suring the operating current of the photoelectric device, the

absorbed dose of the scintillation fiber can be measured;

this is also called the current mode of the PSFD. Normally,

the operation current or the integral charge of a photo-

electric device can be measured by an electrometer or a

picoammeter. The relationship between the current of the

photoelectric device and the dose rate is called the current

dose response of the PSFD. So far, the photoelectric

devices used in PSFDs include photomultiplier tubes

(PMTs) [9], silicon photomultipliers (SiPMs) [10, 11],

avalanche photodiodes (APDs) [12], and photodiodes

(PDs) [13, 14]. For a working photoelectric device, the

operation current consists of the dark current and the net

current, both of which are important for accurate mea-

surement results. This type of stability includes not only

stability against environmental interference but also the

stability of the device itself during long-term operation. A

device with worse stability requires more repetitive cali-

bration, which limits its applications.

Using a plastic scintillation fiber with a diameter of

1 mm and a length of 10 mm, and a white fiber with a

length of 10 m, Boivin et al. [16] systematically studied

the dose response characteristics of PSFDs based on dif-

ferent photoelectric devices such as PMTs, APDs, PDs, and

CCD cameras. In Boivin et al.’s work, the energy depen-

dence, signal-to-noise ratio (SNR), and linearity were

studied. However, the stability of PSFDs has not been

systematically investigated, and this is a necessary step

before their widespread use. In addition, as a new type of

photoelectric device, the SiPM has the advantages of small

size and high gain, which is comparable with PMTs and an

optimal choice for PSFDs. Therefore, based on the same

testing device and method, in this study we systematically

tested the stability and dose response of the above four

photoelectric devices, namely, PMTs, SiPMs, APDs, and

PDs. The structure of the PSFD is described in Sect. 2. The

method and results of the stability test of the dosimeter and

the dose response and SNR are presented in Sects. 3 and 4,

respectively. Finally, the conclusions are presented in the

last section.

2 Dosimeter structure

Unlike the direct collection of electrons and ions in an

ionization chamber, the dose signal of a PSFD requires

light transmission. A schematic of a PSFD is shown in

Fig. 1a. The PSFD is mainly divided into four parts: plastic

scintillation fiber, white transmission fiber, a photoelectric

device, and a readout circuit board. The plastic scintillation

fiber used in this study was BCF-10 (Saint Gobain Co.)

with a diameter of 0.5 mm and a length of 3 mm. The

scintillation fiber converts the energy deposited by radia-

tion into photons, which are proportional to the deposited

energy. The transmission white fiber adopted was GH-4001

(Mitsubishi Co.) with an inner core diameter of 1.0 mm

and a length of 2.5 m, which transmits the photons gen-

erated in the scintillation fiber for further measurement.

The coupling between the scintillation fiber and white fiber

was polished with fiber grinding paper, as shown in

Fig. 1b. The ends of these two fibers were coupled by

EJ550 optical silicone grease. Two layers of WOLIDA

E329530 black heat shrinkable tubes were used for fixing

and shielding the light.

The photoelectric devices used in this study were all

manufactured by Hamamatsu. The PMT, SiPM, APD, and

PD models were H3164-10, S13360-3025CS, S8664-1010,

and S9032-02, respectively. The photoelectric device and

the current readout circuit board were placed into a 7�
7� 7cm3 aluminum box to achieve light-proof and elec-

tromagnetic shielding. Meanwhile, a homemade tempera-

ture-control device was attached to the outside of the

aluminum box to achieve constant temperature control with

an accuracy of �0:1 �C. As shown in Fig. 1a, the home-

made temperature-control device included a semiconductor

refrigeration chip with a cooling power of 30 W, a resis-

tance heating plate with a heating power of 6 W, and two

sets of temperature probes and constant-temperature con-

trollers for cooling or heating separately. The semicon-

ductor refrigeration chip was in external contact with the

aluminum box through a thermally conductive silica gel.

Temperature sensor 1 for cooling was covered by thermal
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insulation cotton and was in direct external contact with the

aluminum box. The resistance heating plate itself included

temperature sensor 2. The circuit board on which the

photoelectric device was located was copper-clad on one

side. For heat conduction, the copper-clad surface was

connected to the aluminum box through three copper pil-

lars with diameters of 3 mm and lengths of 10 mm. To

ensure that thermal balance was reached, each time the

temperature was adjusted, the measurement was taken after

30 min.

The bias voltages of the PMT, SiPM, and APD were all

provided by an ORTEC 566H power module, and these

were set to 1250, 58, and 380 V, respectively. Because the

bias voltage of the PD is only 1 V, for accurate repeat

setting, a RIGOL DP831A linear DC power was used. The

current of the device was measured using a Keithley 6485

picoammeter. For the SiPM, APD, and PD, the bias circuit

was grounded through the picoammeter, so that the oper-

ation current could be read directly by a picoammeter. For

the PMT, the cathode was biased with a negative high

voltage, and the picoammeter was placed between the

anode and the ground. The resolution of the picoammeter

can achieve 10 fA, which is sufficient for the current

measurement of the PD with the lowest operating current.

The current integration time was set as 1 s.

3 Environmental stability

For packaged solid-state devices, the most influential

factors are temperature and long-term operation, which will

be studied in this section. Long-term stable radiation

sources are difficult to fabricate. Therefore, an LED pulse

light source was used for stability testing. The wavelength

peak of the LED was 465 nm (blue light). A precision pulse

generator was used to produce a rectangular pulse to excite

the LED. By adjusting the frequency, duty cycle, and

amplitude of the excitation pulse, the LED pulsed light can

be equivalent to the fluorescence produced by the plastic

scintillation fiber at a certain radiation dose rate. The

details can be found in [17].

3.1 Temperature stability

With the temperature-control device introduced in Sect.

2, the temperature of the aluminum box can be continu-

ously controlled from 15 �C to 33 �C. After each temper-

ature adjustment, 30 min was used for stabilization to

ensure that the photoelectric device and the aluminum box

reached thermal equilibrium. For each device under each

temperature condition, the dark current and net current

were measured multiple times. The average of multiple

measurements was taken as the measured value, and the

error bars are the corresponding standard deviations.

Dark current (IDark) refers to the operating current of the

device without any light. The response of IDark to the

temperature for the four devices is shown in Fig. 2a. The

black solid square represents the PMT, the red hollow

square represents the SiPM, the blue solid triangle repre-

sents the APD, and the pink hollow triangle represents the

PD. To facilitate comparison, IDark of the PD in Fig. 2a has

been multiplied by 103. The mechanisms of these four

devices are different, and the dark current spans five orders

of magnitude from picoamperes to hundreds of nanoam-

peres; it can be seen that the dark current increases

approximately exponentially with the increase in temper-

ature from 15 � C to 35 � C. To quantitatively describe the

dependence of IDark on temperature, the exponential

formula

I ¼ exp½kT þ b� ð1Þ

was used to fit the data, and the slope k in the fitting results

are shown in Fig. 2a. k characterizes the temperature

dependence of IDark. The larger the value of k, the more

sensitive IDark is to the temperature. It can be observed

from Fig. 2a that IDark of the PMT is the most sensitive to

temperature, followed by the PD and SiPM, and the rela-

tively most stable device is the APD. The error bars are

Fig. 1 (Color online) a Schematic of a fiber dosimeter. b Photograph of the polished end face of a white optical fiber
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smaller than the symbols themselves; therefore, they are

not visible.

The net current (INet) is the operation current subtracted

from the related IDark. Figure 2b shows the variation of the

INet with temperature for these devices when the equivalent

dose rate of 6 Gy/min was furnished by the LED. Simi-

larly, for convenience of comparison, INet of the PD in the

figure is multiplied by 103, while INet of the PMT and SiPM

is multiplied by 10�3. It can be seen that the INet values of

these four devices also change with an exponential function

of temperature. Therefore, Eq. 1 was also used to fit the

measurement values again, and the slope k is also shown in

Fig. 2b. For the APD, when the temperature was higher

than 28 � C, the dependence of INet on the temperature

deviates from the exponential relationship; consequently, it

was not considered in the fitting.

It can be seen from the test measurement that, for

devices with signal amplification, INet decreases with

increasing temperature, which means that higher tempera-

tures will reduce their amplification gain. This is mainly

because the quantum conversion efficiency of the photo-

cathode decreases with increasing temperature; therefore,

the overall gain decreases [18, 19]. For the SiPM and APD,

because the breakdown voltage VBD of the device increases

with temperature, this leads to a decrease in their

gain [20, 21]. Nevertheless, the stability performance of

the PMT, SiPM, and PD are similar, and the dependence of

INet on temperature is \ð1� e�0:006Þ ¼ 0:6% �C�1. The

dependence of the APD on temperature was the largest,

being � ð1� e�0:067Þ ¼ 6:5% �C�1.

3.2 Long-term stability

Given the needs of practical applications, the long-term

stability test includes two aspects: continuous stability and

repeatability stability. Therefore, a study of the changes in

INet with time was performed under the conditions of

continuous working for 8 h and intermittent working for

32 h. During the measurement, the temperature of the

device was controlled within a range of 20 �C� 0:1 �C.
The continuous stability test records INet at 0, 0.1, 0.25,

0.75, 1.75, 2.75, 4, 6, and 8 h, respectively. The repeata-

bility stability test records INet at 0.1, 0.5, 1, 2, 3, 6, 18, 24,

and 32 h, respectively. For the repeatability test, after each

measurement, the bias voltage was reduced to 0 V and

disconnected. For each device, the reference current (I0)

was measured for the first time. According to

Rcurrent ¼ ðIi � I0Þ=I0; ð2Þ

the current change rate (Rcurrent) of the ith measured current

(Ii) was calculated, and the results are shown in Fig. 3. The

identification symbols of the different devices are the same

as those defined in Fig. 2. Figure 3a shows the change of

Rcurrent under the continuous working mode. The two hor-

izontal black dotted lines in the figure represent �0:5%. It

can be seen that Rcurrent of the PD is the largest and can

reach up to 4%, whereas all the other devices have values of

\0.5%. In particular, the PMT is the most stable, with

Rcurrent\0:2%. Figure 3b shows the change of Rcurrent

under intermittent work for 32 h. The two dashed black

lines represent �1:0%. Similarly, Rcurrent of the PD is the

largest, being up to 2%, whereas all the other devices have

values of\1%, with the SiPM being the most stable, with

Rcurrent\0:5%.

4 Dose response

The PSFD can measure the dose rate in real time, and

the total dose can be obtained by integrating the dose rate.

A practical dosimeter requires a good SNR at a low dose

rate and a wide linear response range. Therefore, the dose

response of different photoelectric devices was studied,

including the linear dynamic range and SNR.

Fig. 2 (Color online) Change of

a dark current and b net current

of photoelectric devices as a

function of temperature
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4.1 Linear response range

The linear response range of the dose rate is an impor-

tant indicator for a dosimeter. A wide linear response range

can greatly simplify calibration in the application. The dose

rate range of the Small Animal Radiation Therapy

(SmART?) platform used in this study was 0.086–4.5 Gy/

min, and the maximum voltage of SmART? is 225 kV. To

extend the test range of the dose rate, the following two

methods were used: (1) The effective length of the scin-

tillation fiber was increased, thereby increasing its equiv-

alent dose rate, so that the calibrated range of dose rate can

reach 0.333–14.85 Gy/min; (2) based on the scaled LED

pulse light source [22], the dose rate range can reach

10.15–60.15 Gy/min.

Figure 4 shows the relationship between INet and the

dose rate for four kinds of devices. A linear fitting function

was used to fit the measured value, as shown in Fig. 4.

Each point was averaged over those three measured values,

and the standard deviation was taken as the error. After the

beam was turned on and the tube voltage display was

allowed to stabilize, 10 different dose rates were measured.

It can be seen from Fig. 4 that both the PMT and SiPM

exhibit excellent linear responses in a wide dose rate range

from 0.1 to 60 Gy/min. The APD exhibits a linear response

to the dose rate in the range from 0.4 to 60 Gy/min, but the

linear correlation coefficient R2 is lower than those of the

PMT and SiPM. There is no gain to the optical signal for

the PD, so that INet is only tens to hundreds of femtoam-

peres with a large fluctuation on the picoammeter. Based

on the measurement results, the PD was considered to have

a good linear response under the conditions of 0.2–60 Gy/

min.

It can be seen from these measurements that all the

devices have good linearity at high dose rates, which

means that in high-dose-rate applications, low-cost, high-

stability devices should be selected (e.g., SiPMs). How-

ever, at low dose rates, it is necessary to amplify the optical

signal, and SiPMs and PMTs are better choices.

4.2 SNR

The SNR can be used to evaluate the sensitivity of the

dosimeter. Here, the SNR is an overall assessment of

sensitivity—not only being the ratio of net current to dark

current but also a measure of the stability of the net current

and dark current. The definition [23] is given as

SNR ¼ ls=l0; ð3Þ

where l0 and ls represent the average value and standard

deviation of multiple measurements, respectively. A higher

SNR value indicates a higher sensitivity of the device

under a given radiation field with a fixed dose rate. The

SNRs of the devices at different dose rates are summarized

in Fig. 5. According to the Rose standard, the target value

Fig. 3 (Color online) Change in

the operation current as a

function of time in a continuous

mode for 8 h and

b discontinuous mode for 32 h

Fig. 4 (Color online) Relationship between the dose rate and the

operation current of the PMT, SiPM, APD, and PD
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is generally considered to be correctly detected when

SNR[ 5 [24].

It can be observed from Fig. 5 that the SNR of the PMT

and SiPM are quite similar. Both the PMT and SiPM

exhibit excellent performance even at a dose rate of

0.1 Gy/min, with SNR values of 170 and 50, respectively.

Then, the SNR increases as the dose rate increases, and it

tends to be the same when the dose rate is[2 Gy/min for

the PMT and SiPM. This is mainly because the dark current

is the largest contributor to the SNR at low dose rates.

Then, as the dose rate increases, the fluctuation of the dark

current did not change, but the net current increased stably.

For the APD, the SNR is slightly greater than 5 at the

lowest dose rate of 0.1 Gy/min. Obviously, the accuracy

may be disturbed by noise at 0.1 Gy/min. The PD had the

lowest SNR value, being\5 until the dose rate was[2 Gy/

min.

5 Summary

An LED pulse light source and the SmART? platform

were used to systematically study the environmental sta-

bility and dose rate response performance of PSFDs with

four different photoelectric devices (PMT, SiPM, APD,

and PD), which provides a reference for selecting the

photoelectric device.

Based on the results, the following conclusions can be

made: (1) In terms of temperature stability, INet of the APD

is most susceptible to temperature, with a current depen-

dence on temperature of up to 6.5% �C�1, whereas the

other devices all had values of \0:6% �C�1. (2) For con-

tinuous working stability, the maximum change of the PD

can reach 4%, whereas the other devices all had values of

\1%. (3) For the dose rate response, in the range of

0.1–60 Gy/min, both the PMT and the SiPM exhibited

excellent linear responses and SNRs. A comprehensive

comparison of these four photoelectric devices was made,

and it was concluded that the SiPM and PMT are more

suitable for scintillation fiber dosimeters based on opera-

tion current readout. In particular, the SiPM has a small

size, is less affected by magnetic fields, has a low working

bias voltage, and thus has great advantages in terms of

convenience, such as portability.
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