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Abstract A minitype reference radiation (MRR) with

dimensions of only 1 m 9 1 m 9 1 m has been developed

for the in situ calibration of photon dosimeters. The present

work conducts a feasibility study on determining the con-

ventional true value of gamma-ray air kerma at the point of

test in the MRR. Owing to its smaller dimensions, the

scattered gamma-rays in the MRR are expected to induce a

non-negligible interference with the radiation field com-

pared with conditions in the standard reference radiation

stipulated by ISO4037-1 or GB/T12162.1. A gamma-ray

spectrometer was employed to obtain the spectra of scat-

tered gamma-rays within the MRR, and the feature com-

ponents of the spectra were extracted by principal

component analysis to characterize the interference of a

dosimeter probe in the radiation field. A prediction model

of the CAK at the point of test was built by least squares

support vector machine based on the feature component

data obtained from nine sample dosimeters under five

different dose rates. The mean prediction error of the CAK

prediction model was within ±4.5%, and the maximum

prediction error was about ±10%.
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1 Introduction

According to the JJG393-2003 or IEC60846 standard,

all gamma-ray dosimeters serving the purpose of radiation

protection must be regularly calibrated every year. At

present, the calibration work must employ the standard

reference radiation (SRR) stipulated by the ISO4037-1 or

GB/T12162.1 standard. However, because the size of the

SRR is 4 m 9 4 m 9 3 m or greater [1, 2], the calibration

facility is not portable, and all dosimeters must therefore be

transported yearly to a fixed facility for calibration. How-

ever, relatively fixed dosimeters installed within nuclear

facilities cannot be conveniently transported to a fixed

calibration facility, and should therefore be calibrated

in situ, which is typically accomplished using the substi-

tution method and a lower intensity source. However,

dosimeter performance cannot be evaluated scientifically

under this condition because the full dosimeter range

cannot be covered and ambient scattering disturbances

cannot be evaluated. Therefore, a mobile calibration

installation employing a reference radiation that occupies a

much smaller space is obviously necessary.

To develop a mobile calibration facility, a minitype

reference radiation (MRR) is proposed, which reduces the

SRR dimensions to 1 m 9 1 m 9 1 m. However, the

much smaller size of the MRR produces non-negligible

scattering of gamma-rays, which represents a crucial dis-

turbance when attempting to determine the conventional

true air kerma (CAK) value for gamma-rays [3]. Due to the

varied probe sizes and energy responses of dosimeters, it is

very difficult to determine the contribution of the scattering

components accurately and thereby make corrections.

Therefore, the CAK value obtained in the MRR is not

equivalent to that obtained in an SRR stipulated by
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ISO4037-1. In this article, a feasibility study on deter-

mining the CAK value in the MRR is carried out.

2 Methodology

The MRR is a cubic box of 1 m side length shielded by

lead plates, as illustrated in Fig. 1. The geometric center of

the MRR is defined as the point of test, at which the ref-

erence point of a dosimeter probe is positioned. In an SRR,

the air kerma measured by a graphite cavity ionization

chamber at the point of test can be used as the CAK in

calibration work because the ambient scattered rays are

strictly controlled to a very low level. However, due to the

scattered gamma-rays arising from the inner surface of the

MRR shielding and the outer surface of the dosimeter

probe, and the secondary scattered rays, the air kerma value

Kaij0 measured by a graphite cavity ionization chamber at

the point of test in the MRR differs from the value obtained

in an SRR. In fact, it is very difficult to discriminate

between the contributions of source and scattered gamma-

ray components to the CAK at the point of test in the MRR

experimentally. In the present work, a gamma-ray spec-

trometer is employed to characterize the scattered gamma

spectrum Sij, and we assume a functional relationship

Kaij = f(Sij,Kaij0).
A series of sample dosimeters that we employ normally

in our daily radiation protection work was selected for

investigation using both the MRR and an SRR. When a

dosimeter was position at the point of test in the MRR, the

measured value was R. Then, we can explore a point at the

SRR where the measured value of the meter was also R.

The air kerma of the point in SRR can be used as the

equivalent value of the CAK in the MRR because the

dosimeter shared the same contribution to the measured

value from different gamma-ray components. Therefore,

the sample dosimeter is actually employed as a transfer tool

that establishes connection between the SRR and the MRR

for determining the value of Kaij at the point of test in the

MRR. Employing the above method with a series of sample

dosimeters yields a series of data sets, including values of

Kaij, Sij, and Kaij0. Then, least squares support vector

machine (LS-SVM) is employed for the regression analysis

of the data sets, and a prediction model of Kaij based on the

functional relationship Kaij = f(Sij,Kaij0) at the point of

test in the MRR is built, which can be applied for pre-

dicting the value of Kaij for a non-sample dosimeter or a

dosimeter needing calibration in the MRR.

The procedure employed for data processing and model

training is given as follows.

1. Position sample dosimeter i, for i = 1, 2, …, x, at the

point of test of the MRR, and introduce gamma-ray

intensities Ij, for j = 1,2,…,y, for each sample dosime-

ter, which yields x 9 y sets of Kaij0, Sij, and Kaij.

2. Due to statistical fluctuations in the gamma-ray

emission of the radioactive source and electronic

noise, wavelet analysis is applied to denoise Sij [4].

3. Dispersing each line of Sij by a fixed gamma-ray

energy separation E, we obtain an n-dimensional

gamma-ray count rate array uijn, where n is the total

number of gamma-ray count rate values.

4. A sample matrix T(x 9 y) 9 n is constituted from the

x sample dosimeters, y source intensities Ij, and the

series uijn.
5. To reduce the dimensions of T(x 9 y) 9 n, principal

component analysis (PCA) is applied to extract feature

components Wij [5, 6].

6. Finally, LS-SVM is employed to train the prediction

model of Kaij based on Wij, which can be rewritten as

Kaij = f(Wij,Kaij0).

The procedure for constructing the Kaij prediction

model is outlined formally in Fig. 2, and the procedure for

the extraction of Wij using PCA is outlined in Fig. 3.

3 Experimental installation

As discussed above, the MRR represents an enclosed

gamma-ray field within a cubic shielding box with 1 m side

lengths, which is shielded by lead plates. Their radiator for

gamma-ray injection was installed on the one side of the

shielding box via a 120-mm-diameter circular hole. DuringFig. 1 Schematic of the MMR and experimental setup
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investigation, the probe of a sample dosimeter was

mounted vertically from a circular hole on the top side of

the shielding box. The reference point on the probe coin-

cided with the point of test in the MRR. A scattering

monitory point was labeled for positioning the probe of a

gamma-ray spectrometer on the central line of the MRR’s

inner bottom, near the side of gamma-ray inlet and

100 mm away from the projection point of the point of test

as illustrated in Fig. 1.

The experimental installation was built up on a cali-

bration facility denoted as the gamma-ray air kerma (pro-

tection level) measurement standard, which is denoted here

in simply as the standard installation. The facility belongs

to the Ionizing Radiation Metrology Station, one of the

subsidiaries of the China Academy of Engineering Physics.

The gamma-rays in the MRR were irradiated horizontally

at or of the standard installation with an activity of about

7.141 9 1010Bq. Various attenuators from a cesium-137

isotope source in the irradiator were assembled on the

outlet of the irradiator to investigate the intensity of the

gamma-ray irradiation injected into the MRR. The MRR

box was mounted on a small railcar for adjusting the dis-

tance between the outlet of their radiator and the inlet of

the MRR box. An image of the experimental installation is

presented in Fig. 4.

According to the regulated dose range of gamma-ray

dosimeters employed for radiation protection, we selected

five gamma-ray intensities Ij as five sources for investi-

gation by employing different attenuators and adjusting the

distance between the MRR inlet and their radiator outlet.

The dose rates at the point of test corresponding to each

source investigated are listed in Table 1. During investi-

gation, a standard graphite cavity ionization chamber

(PTW-32005, PTB, Germany) was employed to determine

the air kerma of the point of test in the MRR. The scattered

gamma spectrum at the scattering monitory point was

measured by a portable gamma-ray spectrometer (mod-

elInspector1000, Canberra, USA). Investigations were

conducted using the nine sample gamma dosimeters listed

in Table 2.

Fig. 2 Procedure for constructing the Kaij prediction model based on

the functional form Kaij = f(Wij, Kaij
0) employing principal compo-

nent analysis (PCA) to extract feature components Wij and least

squares support vector machine (LS-SVM) to train the prediction

model

Fig. 3 Procedure for extracting feature components Wij using prin-

cipal component analysis (PCA)

Fig. 4 (Color online) Image of the experimental mobile installation
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4 Results and discussion

4.1 Characteristics of scattered gamma-rays

in the MRR

Owing to its smaller dimensions, the scattered gamma-

rays in the MRR are expected to induce a more obvious

interference with the radiation field compared with an SRR.

The gamma-ray spectra obtained from the nine sample

dosimeters irradiated with source 5 are given in Fig. 5. A

total of five characteristic peaks are observed for each

spectrum at equivalent positions and with similar shapes

for the different probes. The energies of all five

characteristic peaks were less than 750 keV. The gamma-

ray spectra obtained from the BH3103A dosimeter when

respectively irradiated with the five sources are presented

in Fig. 6. The peak positions and shapes of all spectra are

nearly equivalent, except for those of peak 5. In addition,

analysis reveals that the peak count rate increases almost

linearly with increasing irradiation dose rate, particularly

for peak 4. Therefore, we find that the positions of peaks

1–4 are nearly constant regardless of the dosimeter and

dose rate employed and that the count rate increases with

increasing dose rate and dosimeter diameter. This may

indicate that a scattered gamma spectrum Sij is a function

of the irradiation dose rate and the physical size of the

Table 1 Dose rates

investigated at the test point
Serial number of gamma-ray intensity Source 1 Source 2 Source 3 Source 4 Source 5

Dose rate (lGy/h) 67.68 148.68 393.48 894.24 1215.72

Table 2 Sample dosimeters employed for investigation

No. Model Detector Probe diameter(mm) Manufacturer

1 BH3103A NaI Crystal 93 Beijing Nuclear Instrument Factory, China

2 FJ317E GM Tube 45 Xi’an Nuclear Instrument Factory, China

3 SSM-1(07-00362) GM Tube 45 Austrian Research Centre Seibersdorf

4 SSM-1(03-107) GM Tube 45 Austrian Research Centre Seibersdorf

5 FD-3013B NaI Crystal 40 CNNC Shanghai Electronics Instrument Co., Ltd., China

6 CIT-2000FXc NaI Crystal 45 Sumstar Group Corp. China

7 Inspector 1000 (IPRON-3) NaI Crystal 80 Canberra, USA

8 Inspector 1000 (IPROS-2) NaI Crystal 60 Canberra, USA

9 Canberra Radiagem 2000 NaI Crystal 70 Canberra, USA

Fig. 5 Scattered gamma-ray spectra of the nine sample dosimeters

irradiated with source 5

Fig. 6 Scattered gamma-ray spectra of the BH3103A probe respec-

tively irradiated with the five sources
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probes and can therefore be applied to characterize the

scattered gamma-rays in the MMR.

To reduce the amount of scattering data required in the

analysis, PCA was employed to extract the feature com-

ponents from the spectra given in Fig. 6, and two feature

components were acquired. The first component repre-

sented 81.58% of the information contained in the original

spectra data, while the second component represented only

11.6%. The linear combination coefficients of the two

components are shown in Fig. 7.

In Fig. 7, we note that five peaks also appear in feature

component 1, with positions and shapes that are similar to

those of the original scattered gamma-ray spectra. Com-

pared to the coefficient values of the feature components

shown in Fig. 8, both feature components in Fig. 7 had

obvious reflex around peak 5. In addition, we note that the

coefficient values of component 1 corresponding to peak 1

are far greater than those corresponding to peaks 2–4. This

may indicate that the greater contribution of the source

intensity to peak 1 was caused directly by characteristic X

rays arising from the interaction of the irradiation with the

lead shielding plates. However, this may be due to the use

of only a single probe with all five sources. Figure 8 pre-

sents the two feature components extracted from the

spectra given in Fig. 5. These results indicate that the

contributions of peaks 1–3 are less than that of peak 4. In

addition, the contribution of peak 1 is obviously decreased

compared to what is shown in Fig. 7, and peak 5 has dis-

appeared. The reason for these changes may be that only a

single source was employed for all nine probes. Feature

component 2, as shown in Figs. 7 and 8, also provides a

meaningful contribution for characterizing scattered

gamma-ray spectra in the MRR, particularly with respect to

the positions of peak 4 and peak 5. Feature component 2

indicates that the information imparted by peak 4 is related

more closely to the probe, while peak 5 characterizes the

contribution of the irradiation source to the spectra [7]. In

addition, comparison of the feature component 1 data given

in Figs. 7 and 8 and the scattered gamma-ray spectrum of

the BH3103A probe irradiated by source 5 is shown in

Fig. 9. This data indicate that, except for the aforemen-

tioned findings, the information imparted by peak 2 is

related more closely to the probes, while the information

imparted by peak 3 is related more closely to the sources.

Therefore, we can conclude that the feature components

extracted by PCA can represent the main characteristics of

scattered gamma-ray spectra separately caused by

dosimeters and irradiation sources in the MRR. Extraction

by PCA greatly reduces the dimensions of the original

scattered gamma-ray spectra data, which is of great benefit

for further data processing.

Fig. 7 Feature components of the scattered gamma-ray spectra given

in Fig. 6

Fig. 8 Feature components of the scattered gamma-ray spectra given

in Fig. 5

Fig. 9 Comparison of feature component 1 data extracted from the

spectra given Figs. 5 and 6 and the BH3103A spectrum when

irradiated with source 5: A feature component 1 given in Fig. 7;

B feature component 1 given in Fig. 8; C the BH3103A spectrum

when irradiated with source 5

Feasibility study on determining the conventional true value of gamma-ray air kerma in a… Page 5 of 7 80

123



4.2 Prediction results and discussion

The testing of nine dosimeters with five irradiation

sources provides 5 9 9 sets of Kaij0, Sij, and Kaij.

Selecting E = 3 keV for dispersing Sij provides a 512-

dimension gamma-ray count rate array uijn, which can be

simplified to a two-dimensional vector Wij comprising the

two feature components extracted by PCA. As discussed,

LS-SVM was employed for building the prediction model

Kaij = f(Wij,Kaij0) [8–10]. We divided the 5 9 9 sample

data sets of Kaij0,Wij, and Kaij randomly into training (or

regression) data sets for building the model and test data

sets for verifying the model’s performance with a ratio of

2:1, where Kaij was the output variable and Kaij0and Wij

were the input variables. In the course of regression, the

radial basis function (RBF) was selected as the kernel

function [11], and the regularization parameter c and kernel

function parameter r2 were determined and confirmed

using the 10-fold cross-validation method [12]. Finally, the

following prediction model was acquired:

Kaij ¼ F Wij;Kaij0ð Þ; ðW0Þ;K 0½ �0�aþ b ð1Þ

where F is the kernel function for model regression train-

ing, W0 is the feature component matrix of the sample data,

K0 is the sample array of Kaij, a is the regression factor of

the model, and b is the bias of the model,.

A comparison of the predicted Kaij values obtained

using Eq. (1) and the Kaij values of the nine dosimeters

determined experimentally using the five irradiation sour-

ces is presented in Fig. 10.

The training errors and the test errors were evaluated to

verify the performance of the Kaij prediction model. A

training error was defined as the percentage difference

between a predicted value of Kaij and the experimentally

determined value of Kaij for the training data only. A test

error was similarly defined for the test data only. The

maximum, mean, and minimum errors obtained are pre-

sented in Table 3. Figure 11 presents the distribution of the

training and test errors.

The mean square error of the 45 predictions was 4.39%,

which represents the mean bias of all prediction values

relative to the experimentally determined values of Kaij,

and the maximum prediction error was less than ±10%.

We may also note from Fig. 11 that the prediction errors

decrease with increasing dose rate. From Fig. 11, we note

that the prediction errors can be controlled within ±5% for

a dose rate greater than about 393.48 Gy/h. For gamma-ray

dosimeters employed for radiation protection, the relative

intrinsic error of a dosimeter calibrated according to

JJG393-2003 or IEC60846 cannot be greater than ±20%.

The level of training error and test error demonstrated in

our investigation were about ±10%, which indicates that

the proposed method represents a feasible alternative to

present standards employing an SRR.

Analysis reveals three main error sources. The first error

source, and possibly the most prominent, was the posi-

tioning precision of the shielding box relative to their

radiator and the probe position in the MRR owing to

manual positioning. The second error source is the degree

of representativeness and the performance of the dosime-

ters employed in the study. The third error source involves

the viability of the feature components extracted by PCA,

and the reliability of the prediction model building process.

Fig. 10 Comparison of Kaij values predicted by Eq. (1) and the

experimentally determined true values

Table 3 Training errors and test errors

Item/index Maximum (%) Mean (%) Minimum (%)

Training 10.28 3.45 0.06

Test -8.76 3.88 0.19

Fig. 11 Distribution of the relative errors for all samples
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It is expected that all three of these error sources are

amendable to improvement.

5 Conclusion

The primary results of this study demonstrated the fea-

sibility of determining the conventional true value of

gamma-ray air kerma in a reference radiation of dimen-

sions 1 m 9 1 m 9 1 m. The smaller dimensions of the

MRR greatly reduce the weight to a point where mobile

calibration is possible. This suggests the feasibility for

calibrating dosimeters using a mobile installation, and

obtaining a calibration error that is at least equivalent to

that obtained using an SRR, as stipulated by ISO4037-1 or

GB/T12162.1. The feature components of scattered

gamma-ray spectra were extracted by PCA and were

employed in the study to characterize the interference of a

dosimeter probe in the radiation field. The results showed

that PCA is an effective tool for extracting the primary

features of the scattered gamma-ray spectra caused by

probes placed in the MRR and that the use of the feature

components greatly reduces the dimensions of the spec-

trum. We expect that a greater number of more typical

dosimeter samples would enhance the representativeness of

the feature components extracted. The prediction model

trained by LS-SVM using data obtained from nine sample

dosimeters under five different dose rates successfully

determined the conventional true value of gamma-ray air

kerma in the MRR. The mean prediction error was less

than 5%, and the maximum prediction error was about

±10% for the sample dosimeters considered, which meets

the error requirements of JJG393-2003 and IEC60846,

indicating that the proposed method represents a feasible

alternative to present standards employing an SRR. How-

ever, data for a greater range of dosimeters, particularly

dosimeters of a type and probe diameter that differ greatly

from the sample dosimeters employed in the present model

building, need to be included to improve the prediction

precision of the model. The present work solves a crucial

obstacle by demonstrating the feasibility of calibrating

dosimeters in the field using an MRR and may provide a

basis for developing mobile calibration technology.
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