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Abstract Si-PIN photodetectors having features such as

low cost, small size, low weight, low voltage, and low

power consumption are widely used as radiation detectors

in electronic personal dosimeters (EPDs). The technical

parameters of EPDs based on the Si-PIN photodetectors

include photon energy response (PER), angular response,

inherent error, and dose rate linearity. Among them, PER is

a key parameter for evaluation of EPD measurement

accuracy. At present, owing to the limitations of volume,

power consumption, and EPD cost, the PER is usually

corrected by a combination of single-channel counting

techniques and filtering material methods. However, the

above-mentioned methods have problems such as poor

PER and low measurement accuracy. To solve such prob-

lems, in this study, a 1024-channel spectrometry system

using a Si-PIN photodetector was developed and full-

spectrum measurement in the reference radiation fields was

conducted for radiation protection. The measurement

results using the few-channel spectroscopy dose method

showed that the PER could be controlled within ± 14%

and ± 2% under the conditions of two and three energy

intervals, respectively, with different channel numbers. The

PER measured at 0� angle of radiation incidence meets the

- 29% to ?67% requirements of IEC 61526:2010.

Meanwhile, the channel number and counts-to-dose con-

version factors formed in the experiment can be integrated

into an EPD.

Keywords Electronic personal dosimeter � Si-PIN
photodetector � Personal dose equivalent � Photon energy

response � Few-channel spectroscopy dose method

1 Introduction

Electronic personal dosimeters (EPDs) based on the Si-

PIN photodetectors are widely used in nuclear power,

atomic reactors, nuclear medicine, and other radiation

workplaces. The EPD functions are mainly associated with

the measurement of the personal dose equivalent (Hp(10))

at a depth of 10 mm in human tissues [1, 2]. Because the

sensitive layer thickness of the Si-PIN photodetectors is

about 100 lm, the detection efficiency decreases as the

photon energy increases. Although a Si-PIN photodetector

has advantages in terms of sensitivity, volume, power

consumption, and price, it has a drawback in that the low-

energy photon response is higher than the high-energy

photon response [3, 4]. This phenomenon affects the

measuring accuracy of EPDs under different photon energy

conditions [5, 6].

Recently, several methods have been proposed for

improving the photon energy response (PER) of Si-PIN

photodetectors, such as the filtering material method,
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spectroscopy dose G(E) function method, energy fluence

method, and few-channel spectroscopy dose method.

First, the filtering material method usually reduces the

PER of Si-PIN photodetectors for low-energy photons by

adding metal materials such as Cu, Al, and Sn in front of

the detector. The type, thickness, and shape of the metal

materials can be calculated through Monte Carlo simula-

tion or numerical calculation techniques [7, 8]. The back-

end circuits are often realized by utilizing the single-

channel counting technique. Owing to the difference

between the simulated parameters and the real detector

characteristics, the PER using the single-channel counting

technique for the measurement of Hp(10) can only be

controlled within ± 30%.

Second, the spectroscopy dose method uses the

G(E) function to correct the PER [9–13]. The measured

spectrum multiplied by the counts-to-dose conversion

factors (G (E) function) can be used to obtain the dose

value. The technique for solving the G (E) function

includes Monte Carlo simulation, numerical calculation, or

measurement of the full spectrum in the reference radiation

fields. This method is used mainly for calculating the area

dose equivalent (H*(10)). When measuring H*(10) using

the spectroscopy dose method, the corrected PER can

usually be controlled within ± 10%. However, a high-

speed analog-to-digital converter (ADC) and field-pro-

grammable gate array (FPGA) are employed for rapid

processing of the nuclear pulse signals. The disadvantages

of this method include high power consumption, limited

size, and high cost. Thus, it is unsuitable for the mea-

surement of Hp(10) in human tissues.

In addition to the third method, it is proposed to solve

the energy fluence by using the unfolding spectra tech-

nique. The value of Hp(10) is then determined by multi-

plying the unfolding spectra with the counts-to-dose

conversion factors of the energy fluence to air kerma and

the air kerma to Hp(10) [13–16]. This method has clear

steps, and the measurement accuracy is the same as that of

the second method. However, the calculation time is rela-

tively long due to the requirement of matrix calculations

for unfolding the measured spectra. Thus, this method is

not a conducive application for a microcontroller unit

(MCU). Meanwhile, similar to the second method, this

method also has limitations in terms of power consump-

tion, cost, and volume.

Finally, the few-channel spectroscopy dose method is a

simplified version of the spectroscopy dose method. The

value of Hp(10) is obtained by multiplying the count values

of a few channels (several energy intervals) with the

counts-to-dose conversion factors [17, 18]. At present, the

energy intervals and counts-to-dose conversion factors are

calculated by using the Monte Carlo simulation technique.

It is known from relevant publications that the lower

detected energy was 100 keV and the inherent error in the

range of 0.3–6.0 MeV after correction with three energy

intervals was less than ± 20% [17, 18]. Thus, this method

has potential to be used for low-power portable EPDs.

This study proposes a novel method where the filter

material method and the few-channel spectroscopy dose

method are combined to measure the value of Hp(10) for X

and gamma radiation. The experimental results showed that

the optimum PER were ± 14% and ± 2%, respectively, in

the range of 48 keV to 1.25 MeV under the two and three

energy intervals, which meet the international standard

(IEC 61526:2010) requirements [19]. This method has the

characteristics of low power consumption, low cost, simple

structure, easy transplantation, and accurate measurement.

2 Theory and method

2.1 Spectroscopy dose method

The spectroscopy dose method is widely used in the

measurement of the area dose equivalent (H*(10)) with the

NaI, HPGE, and LrBr3 detectors since it can be used

without the need for unfolding [9, 10]. The following

procedures briefly introduce the basic principle of the

spectroscopy dose method. Because the area dose equiva-

lent and the personal dose equivalent can be obtained by

the energy fluence multiplied with the counts-to-dose

conversion factors, the measured principles of the two

quantities using the G(E) function are the same [10, 17].

The personal dose equivalent conversion coefficient h(E0)

can be expressed for mono-energetic X- or gamma rays

with the energy E0 using a response function R(E, E0) of a

radiation detector and the G(E) function as follows [10]:

h E0ð Þ ¼
ZEmax

Emin

R E;E0ð ÞG Eð ÞdE; ð1Þ

where Emin B E B Emax, Emin B E0B Emax, Emin is the

minimum detectable energy and Emax is the maximum

detectable energy. R(E, E0) is the detector response func-

tion of the Si-PIN photodetector, which represents an X- or

gamma-ray of energy E0 that deposit energy E into the

detector.

The value of Hp(10) can be obtained by multiplying the

energy fluence and the personal dose equivalent conversion

factors, as shown in Eq. (2).

Hp 10ð Þ ¼
X
k

u Ekð Þh Ekð Þ
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¼
X
k

u Ekð Þ
ZEmax

Emin

R E;Ekð ÞG Eð ÞdE

¼
ZEmax

Emin

X
k

u Ekð ÞR E;Ekð ÞG Eð ÞdE

¼
ZEmax

Emin

MEGEdE; ð2Þ

where u(Ek) is defined as the energy fluence of energy Ek

and ME is the measured spectrum of the Si-PIN photode-

tector in unit time.

When Eq. (2) is represented by the multichannel spec-

troscopy method, it becomes a discrete form, as shown in

Eq. (3), where i is the channel number, and its range is

from one to 1024,

Hp 10ð Þ ¼ M1G1 þM2G2 þ . . .þM1024G1024 ¼
X1024
i¼1

MiGi:

ð3Þ

2.2 Few-channel spectroscopy dose method

In terms of volume, power consumption, and cost con-

straints, the high-speed ADC and FPGA chips cannot be

used in the EPDs. In addition, the number of internal

counters is usually between one and three because of the

hardware resource limitations of the ultra-low-power

MCU. Therefore, the energy interval of the few-channel

spectroscopy dose method is usually also limited from one

to three. Compared with the average distribution of the

channel number of the multichannel spectroscopy, the

channel number in the few-channel spectroscopy dose

method can be anywhere between 1 and 1024. Because the

EPD uses an ultra-low-power MCU for the measurement of

Hp(10), it has great practical value for the development of

the few-channel spectroscopy dose method.

The value of the G function in Eq. (3) can be obtained

by the Monte Carlo simulation, the numerical calculation,

or by measuring the full spectrum in the reference radiation

fields. The purpose of this study is to obtain the corre-

sponding channel number and the G value under the opti-

mal PER. Instead of using the Monte Carlo simulation or

the numerical calculation to calculate the G value, the

enumeration algorithm will be adopted to find the optimal

solution because the spectral data processing is under the

few-channel condition.

In this study, we first established a 1024-channel spec-

trometry system to measure the spectrum by using a mid-

energy X-ray, 137Cs and 60Co isotopes as reference

radiation fields. The energy ranged from 48 to 1.25 MeV.

Nine spectra were measured in the reference radiation

fields. The standard values of Hp(10) under each energy

condition were recorded as Dj, where j is the number of

measured spectra and the maximum value of j is nine.

When calculating the value of Hp(10) using the few-

channel spectroscopy dose method, the following changes

need to be made to Eq. (3) and finally converted to Eq. (4):

Hp 10ð Þ ¼
XN
n¼1

SnGn; ð4Þ

where N is the number of energy intervals and Sn represents

the sum of counts within the energy interval.

Case I If N = 1, it is equivalent to the single-channel

counting technique, and the threshold voltage corre-

sponding to the low-level discriminator (LLD) of the

spectrometry system is used to subtract the baseline

noise signal. The value of Hp(10) is calculated using

Eq. (5). Since there is only one coefficient G1, its value

can be calibrated directly from the 137Cs isotope

reference radiation field. The value of Hp(10) under

other energy conditions can be obtained by multiplying

the total count value and G1 using Eq. (5),

Hp 10ð Þ ¼ S1G1 ¼
X1024
i¼1

MiG1: ð5Þ

Case II If N = 2, it is equivalent to the two-channel

counting technique, and the value of Hp(10) is calculated

using Eq. (6). Unlike the multichannel spectroscopy, the

channel number of the two-channel counting technique

can be any of the values in the full spectrum. This means

that the channel number can be any value between 1 and

1024. The range of the channel numbers corresponding

to the energy interval one is [1, a], and the range of the

channel numbers corresponding to the energy interval

two is [a ? 1, 1024],

Hp 10ð Þ ¼ S1G1 þ S2G2 ¼
Xa
i¼1

MiG1 þ
X1024
i¼aþ1

MiG2: ð6Þ

Case III If N = 3, it is equivalent to the three-channel

counting technique, and the value of Hp(10) is calculated

using Eq. (7). The channel number corresponding to the

energy interval one is [1, a], the channel number

corresponding to the energy interval two is [a ? 1, b],

and the channel number corresponding to the energy

interval three is [b ? 1, 1024],
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Hp 10ð Þ ¼ S1G1 þ S2G2 þ S3G3

¼
Xa
i¼1

MiG1 þ
Xb
i¼aþ1

MiG2 þ
X1024
i¼bþ1

MiG3: ð7Þ

In Eq. (7), a and b are the channel numbers, ranging

from one to 1024. G1, G2, G3 are the counts-to-dose con-

version factors (lSv/h/CPS). The established objective

equation using the enumeration algorithm is shown in

Eq. (8). Among them, H j
p 10ð Þ represents the measured

dose value under the jth energy condition, H8
p 10ð Þ repre-

sents the measured dose value under 137Cs. The minimum

value of the PER under the different a, b, and G values can

be found by Eq. (8) (normalized to 137Cs),

arg Min jðH j
p 10ð Þ=H8

p 10ð Þ � 1Þ: ð8Þ

Equation (8) is a function related to the parameters of a,

b, and G. The optimal PER for the different a, b, and G

values can be found by the enumeration algorithm in

Fig. 1. To shorten the search time, the G value is con-

strained by experience. The range of G is 0–5, and the step

width is 0.001. Nine standard measured spectra were used

to calculate the values of Hp 10ð Þ by the MATLAB soft-

ware. The program recorded the G, a, and b values at the

optimal PER.

When compared with the Monte Carlo simulation and

numerical calculation techniques, the enumeration algo-

rithm has the characteristics of being simple and easy to

use, with no need to build the detector model, and provides

accurate calculation. Figure 1 shows the flowchart using

the MATLAB software when N is equal to three, with the

flowchart of N = 2 being similar to that of N = 3.

Owing to the statement formatting requirements of the

MATLAB software, a part of the notation in Fig. 1 is

different from what is described in Sects. 2.1 and 2.2.

Hp
10(j) in Fig. 1 is denoted as H j

p 10ð Þ, and Hp
10(8) in Fig. 1

Fig. 1 Software

flowchart using enumeration

algorithm (N = 3) to solve the

relevant parameters
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is denoted as H8
p 10ð Þ. Through the implementation of the

flowchart program, the PER optimal values were finally

determined and were placed in the max_response_register;

the optimal G value was placed in G1_register, G2_regis-

ter, and G3_register, and the a and b values were placed in

a_register and b_register, respectively.

3 Irradiations and testing platform

3.1 Irradiations

The N-60, N-80, N-100, N-120, N-150, N-200, and

N-250 narrow-spectrum radiation fields recommended by

international standard ISO 4037-1:1996 were established

using a mid-energy X-ray machine (model: GX320) [20].

The high-energy radiation field was established by the
137Cs and 60Co isotopes. The energy range of the radiation

fields is between 48 keV and 1.25 MeV. The standard

instrument used for radiation field measurements is a 1-L

spherical ionization chamber (type32002) from PTW. The

measurement quantity of the PTW spherical ionization

chamber is air kerma (Gy), which can be converted to Sv

through the conversion coefficient (Sv/Gy) [21], as shown

in Table 1. The conversion factors are derived from the

data in international standard ISO 4037-3:1999 multiplied

by the calibration factor of the spherical ionization cham-

ber at the national institute of metrology. Since the detector

module is used for the measurement of Hp(10), the

response as a function of photon energy should be mea-

sured on a phantom according to international standard ISO

4037-3:1999. The outer dimensions of phantom with

polymethyl methacrylate (PMMA) walls (front wall

2.5 mm thick, other walls 10 mm thick) filled with water

are 300 mm 9 300 mm 9 150 mm [21]. The phantom

placed behind the detector module in the reference radia-

tion fields is used to replace the human body for measuring

the value of Hp(10). Meanwhile, the build-up layer of the

PMMA plate according to international standard ISO

4037-3:1999 is not used because the front end of the

detector is covered by the 2-mm Al metal and silicon oxide

materials, the Au electrode, and the Si dead layer.

3.2 Spectrum measurement system

Figure 2a shows the structure of the spectrum mea-

surement system using a 4.5 mm 9 4.0 mm 9 1.2 mm Si-

PIN photodetector (model BPW 34) produced by OSRAM

Opto Semiconductors. The photosensitive area of the

detector is 2.65 mm 9 2.65 mm. The detector module

includes the Al metal filter material, a Si-PIN photode-

tector, a charge-sensitive preamplifier, a pole-zero cancel-

lation circuit, and an active filter using operational

amplifiers. The X- or gamma rays interact with the Si

material in the sensitive layer of the Si-PIN photodetector

to generate secondary electrons through the photoelectric

effect, Compton effect, and electron pair effect, which in

turn generate electron–hole pairs. A current pulse is formed

from the electron–hole pairs under the electrical field when

a bias voltage is supplied [22]. The current signal is con-

verted into a voltage pulse signal by a charge-sensitive

amplifier [3, 4]. The X- or gamma rays detected by the Si-

PIN photodetector are amplified into a 1*2 ls pulse sig-

nal, and the theoretical upper limit of linearity can be up to

500,000 counts per second (CPS). The EPD first counts the

number of electrical pulses and then calls the counts-to-

dose conversion factors to calculate the value of Hp(10) for

X- and gamma radiation. The volume of the Al shell of the

detection module unit is 117 mm 9 47 mm 9 17 mm.

The nuclear pulse signal generated by the detector module

Table 1 Radiation qualities used in radiation protection

Tube voltage

(kV)

Tube current

(mA)

HVL (mm

Cu)

Distance

(m)

Mean energy

(keV)

Conversion factor (Sv/

Gy)

Standard value (lSv/
h)

Narrow spectrum

60 1.76 0.24 3.0 47.9 1.69 3905

80 1.05 0.58 3.0 65.0 1.84 4024

100 0.88 1.11 3.0 83.1 1.82 4132

120 0.59 1.73 3.0 100.0 1.76 3826

150 0.99 2.35 3.0 117.7 1.71 13,373

200 0.99 4.01 3.0 164.0 1.62 21,795

250 0.99 5.16 3.0 207.5 1.52 35,969

Isotope source
137Cs 1.0 662.0 1.21 998
60Co 1.0 1250.0 1.16 5000
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is sampled by a high-speed (40 MSPS) ADC to form

multichannel spectrum data through the FPGA. Finally, the

spectral data are transmitted through the MCU USB

module [23]. Using the computer to calculate the related

parameters, the focusing procedure implements the algo-

rithm in Fig. 1 using the MATLAB software. The X- or

gamma rays are filtered through the shielding Al material

and then detected by the Si-PIN photodetector.

Figure 2b shows the hardware implementation of the Si-

PIN photodetector. The detector module uses the Al

material for protection against light and electromagnetic

interference. Additionally, the Al material is used as the

front-end filter material of the Si-PIN photodetector to

compensate the PER. The digital processing of the nuclear

pulse signal by the FPGA uses the trapezoidal pulse

shaping technique [24, 25].

The Si-PIN photodetector is generally composed of SO2

material, the Al electrode, the dead layer, and the sensitive

layer. The insulating layer has an important influence on

low-energy (\ 20 keV) radiation detection, but the atten-

uation effect is relatively small for X/c rays above 48 keV.

Because the detector datasheet used in the study did not

give the size value of the above materials, the detector

calibration is performed in the standard radiation field to

avoid the error caused by building the detector model using

the Monte Carlo method.

The cathode of the Si-PIN photodetector is connected to

a ? 5 V direct current (DC) voltage through a 100 M bias

resistor (anode ground), in addition to a charge-sensitive

amplifier through capacitive coupling. When using a low-

power charge-sensitive amplifier and main amplifier, the

power consumption of the above circuit is about 1 mW.

To improve the measurement accuracy of the Si-PIN

photodetector under the different photon energies, we first

use the Al metal material to achieve the initial correction of

the PER. Next, the nuclear pulse signals detected by the Si-

PIN photodetector are collected by the back-end electron-

ics, and the PER is corrected by software. Differences from

the references are: (1) The front-end filter material of the

Si-PIN photodetector uses the Al metal material to atten-

uate the radiation; compared with using Cu, Sn, and other

materials to compensate for the PER, this method has a

simple structure and is easy to implement; (2) the bias

voltage of the Si-PIN photodetector is 5 V, which is low

Fig. 2 (Color online) a Schematic of the Si-PIN spectrum measurement system; b hardware for the Si-PIN spectrum measurement system; and

c a water phantom was placed behind the detector module
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power consumption and of more practical value; (3) by

measuring the standard spectrum instead of the Monte

Carlo simulation technique to solve the counts-to-dose

conversion factors, the calculation error caused by the

inaccuracy of constructing the detector model is reduced

and the measuring accuracy is further improved [17, 18].

To obtain the optimal PER, a 1024-channel digital

spectrometer based on a Si-PIN photodetector was estab-

lished in this study. Testing scenes of the Si-PIN pho-

todetector spectrum system in the reference radiation fields

are shown in Fig. 2c. The detector module was placed in

front of a water phantom, and the Si-PIN photodetector was

coincident with the center of the radiation fields by a laser-

positioning device.

When the above measurement system is fully prepared,

the following procedures are used to implement acquisition

and analysis of the spectral data. First, the system measures

the full spectrum of a known standard dose value in the

reference radiation fields. Second, the enumeration algo-

rithm is used to find out the optimal PER under the con-

ditions of two and three energy intervals. Finally, the

channel number and the counts-to-dose conversion factors

corresponding to the optimal PER were recorded. Com-

pared with the average channel number distribution of the

multichannel spectroscopy, the channel number corre-

sponding to the energy intervals in the few-channel spec-

troscopy dose method can be any of the channels. The

channel number and the counts-to-dose conversion factors

under the optimum PER can be applied in the EPD design.

4 Experimental results and discussion

Figure 3a shows the energy spectrum of the Si-PIN

photodetector measured with the N-series narrow spectrum

in the reference radiation fields recommended by interna-

tional standard ISO 4037-1:1996. The spectrum measure-

ment time is 60 s. The abscissa in Fig. 3a is the channel

number, and the ordinate is the measured counts value

divided by the standard dose rate value.

Figure 3b shows the energy spectrum of the Si-PIN

photodetector measured in the 137Cs and 60Co isotope

reference radiation fields. The spectrum measurement time

is 60 s. As shown in Fig. 3b, the measured spectrum of the
137Cs and 60Co isotopes has no characteristic energy peak,

and both spectra at the low-energy section are overlapped.

The measured spectrum of 60Co has more counts in the

high-energy part than that of 137Cs, but there is no linear

relationship between the channel number and the energy.

Figure 3a, b shows that the energy deposition in the Si-

PIN photodetector is most concentrated on the low-energy

section. The reason is that the sensitive layer thickness of

the Si-PIN photodetector is about 100 lm, most of the

high-energy rays pass directly through the detector, and

only a small part of the energy is accumulated by the

Compton effect.

The end-point energy of the spectrum produced by an

X-ray machine is equal to the tube voltage (kV). Figure 3c

is derived from the energy scaling based on the measured

spectrum at the mid-energy X-ray machine, 137Cs and 60Co

isotope radiation fields. The procedure for the determina-

tion of the abscissa point of the spectrum reaching the

channel axis is through the linear regression model applied

to the end section of the measured spectrum in the refer-

ence radiation fields [26]. For 137Cs and 60Co isotopes, the

energy detected by the detector is smaller than the incident

gamma rays, and the end-point energy corresponds to

662 keV and 1250 keV, respectively. Figure 3c is plotted

by the corresponding channel number and the end-point

energy found in Fig. 3a, b. As shown in Fig. 3c, the

channel number and energy were linear in the energy range

from 60 to 250 keV. However, as the particle energy

increases, the energy linearity of the Si-PIN photodetector

decreases. The reason is that with the increase in energy,

the energy deposition on the Si-PIN photodetector is

Fig. 3 (Color online) a Measured spectrum of the Si-PIN photode-

tector under the narrow-spectrum series; b measured spectrum of the

Si-PIN photodetector at the 137Cs and 60Co isotopes; and c energy-

scale curve for the Si-PIN photodetector
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mainly caused by the Compton effect, and the high-energy

rays cannot completely be absorbed by the photoelectric

effect.

By measuring the spectral data of Fig. 3a, b in the ref-

erence radiation fields, we can use the MATLAB to write

the flowchart software in Fig. 1 to calculate the relevant

parameters.

When N = 1, it is equivalent to calculating the dose rate

value by the single-channel counting technique. G1 can be

directly calculated for the 137Cs isotope radiation field. The

PER at N = 1, 2, and 3 are shown in Table 2.

When N = 1, the parameter is calculated as G1 = 0.337.

When N = 2, the relevant parameters are calculated as

a = 107, G1 = 0.260, and G2 = 2.403. When N = 3, the

related parameters are calculated as a = 5, b = 96,

G1 = 2.269, G2 = 0.155, and G3 = 2.166.

Figure 4 shows the optimal PER with N = 1, 2, and 3.

As can be seen from Fig. 4, as N increases, the PER

decreases from ± 48 to ± 2%. In this study, we propose to

use the two and three energy intervals to further improve

the PER of the Si-PIN photodetector. The few-channel

spectroscopy dose method meets the requirements of low

power consumption, low cost, and accurate measurement.

The relevant parameter values can be applied in the EPD

design through the ultra-low-power MCU.

The enumeration algorithm needs to convert the a and

b values into useful threshold voltage values. The input

voltage range is 0–4 V, and each channel corresponding to

voltage value is 4 mV under the condition of 1024 chan-

nels. The noise voltage threshold is controlled at 50 mV.

When N = 2, the corresponding threshold voltage is 50 mV

and 0.42 V, respectively. When N = 3, the corresponding

threshold voltage is 50 mV, 70 mV, and 0.43 V, respec-

tively. In the later EPD design, the appropriate threshold

values can be selected according to the internal counter

number of the ultra-low-power MCU.

The PER according to IEC 61526:2010 allows 2 29–

?67% plus the expanded relative uncertainty (less than

10%) of the conventional quantity value of the personal

dose equivalent, Hp(10), which for the reference radiation

fields of radiation protection qualities used is 5.0% (k = 2).

The influences in the measurement of Hp(10) mainly

include conventional quantity value, repeatability, dose

rate nonlinear, energy response, and angular response

[19, 27].

Since the measurement process was carried out under

the medium radiation intensity of 1*36 mSv/h and the

measurement time is 60 s, the uncertainty caused by

repeatability and nonlinear dose rate was small compared

with the uncertainty of the conventional quantity value.

When the PER is equal to ± 14% and ± 2%, the relative

standard uncertainties calculated according to uniform

distribution are 8.1% and 1.2%, respectively. The expan-

ded relative uncertainty (k = 2) for the measurement of

Hp(10) without considering other angular responses is

16.9% and 5.5% under the condition of two and three

energy intervals.

5 Conclusion

In this study, we established a spectrum measurement

system based on a Si-PIN photodetector and performed

full-spectrum measurement in the reference radiation fields

Table 2 PER at N = 1, 2, and 3

Mean energy (keV) 47.9 65.0 83.1 100.0 117.7 164.0 207.5 662.0 1250.0

Standard value (lSv/h) 3905 4024 4132 3826 13,373 21,795 35,969 998 5000

Measured value (lSv/h), N = 1 4347 5727 6113 5302 17,547 27,568 45,197 998 4202

Photon energy response (%), N = 1 11 42 48 39 31 26 26 0 -16

Measured value (lSv/h), N = 2 3359 4415 4709 4084 13,531 21,254 34,860 998 5404

Photon energy response (%), N = 2 - 14 10 14 7 1 - 2 - 3 0 8

Measured value (lSv/h), N = 3 3828 3975 4112 3749 13,193 22,200 35,971 998 4996

Photon energy response (%), N = 3 - 2 - 1 0 - 2 - 1 2 0 0 0

Fig. 4 (Color online) Optimal PER curve under N = 1, 2, and 3
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used for radiation protection. Instead of using the Monte

Carlo simulation technique or numerical calculation tech-

niques to solve the G function, we used the enumeration

algorithm to find the optimal PER under the few-channel

spectroscopy condition. According to the requirements of

IEC 61526:2010, the optimal PER at 08 angle of radiation

incidence can be controlled within± 14% and ± 2% in the

range of 48 keV to 1.25 MeV under the conditions of two

and three energy intervals, respectively.

For future work, the threshold voltage values solved by

the enumeration algorithm will be adopted in EPD devel-

opment. After the EPD completes parameter migration and

instrument design, other technical parameters such as

angular response, inherent error, and high nonlinear dose

rate will be systematically tested in the reference radiation

fields used for radiation protection. Our future plans

include: (1) using the non-extended dead time model to

improve the nonlinearity problem at a high dose rate; (2)

establishing the reference radiation fields below N-60; and

(3) using two Si-PIN photodetectors to measure the per-

sonal dose equivalent in a wide energy range.
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