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Abstract 

The real-time monitoring of environmental radiation dose for nuclear facili-
ties is an important part of safety, in order to guarantee the accuracy of the 
monitoring results regular calibration is necessary. Around nuclear facilities 
there are so many environmental dosimeters installed dispersedly, because 
of its huge quantity, widely distributed, and in real-time monitoring state; it 
will cost lots of manpower and finance if it were taken to calibrate on stan-
dard laboratory; what’s more it will make the environment out of control. 
To solve the problem of the measurement accuracy of the stationary gamma 
radiation dosimeter, an on-site calibration method is proposed. The ra-
dioactive source is X-ray spectrum, and the dose reference instrument which 
has been calibrated by the national standard laboratory is a high pressure 
ionization. On-site calibration is divided into two parts; firstly the energy 
response experiment of dosimeter for high and low energy is done in the 
laboratory, and the energy response curve is obtained combining with 
Monte Carlo simulation; secondly experiment is carried out in the field of 
the measuring dosimeter, and the substitution method to calibrate the do-
simeter is used; finally the calibration coefficient is gotten through energy 
curve correction. In order to verify the accuracy of on-site calibration me-
thod, the calibrated dosimeter is test in the standard laboratory and the er-
ror is 3.4%. The result shows that the on-site calibration method using X-ray 
is feasible, and it can improves the accuracy of the measurement results of 
the stationary γ-ray instrument; what’s more important is that it has great 
reference value for the radiation safety management and radiation environ-
ment evaluation. 
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1. Introduction 

The level of environment gamma dose monitoring is an important part of the 
nuclear safety management, the results can provide data support for personnel 
dose assessment and environmental radioactivity evaluation, and it is also a ref-
erence basis for taking measures of radiation protection and radiation safety 
management, so the measuring accuracy of the instrument is very important. In 
the process of using the instrument, the performance parameters will change due 
to material loss and electronic circuit aging. In order to improve the accuracy of 
the measurement results, the gamma dose instruments should be calibrated reg-
ularly [1]. 

The traditional method is to calibrate the dosimeter in national standard la-
boratory [2] [3], however it has the following problems [4]: 

1) Some instruments are installed distribution and they are in the state of 
real-time monitoring, however laboratory calibration is time consuming, if the 
instruments are taken to the laboratory will make the environment out of control. 

2) The detector is connected with the data processing system, and it is difficult 
to move. 

3) The dosimeter is calibrated about once a year; frequent disassembly and 
transportation will increase the probability of failure. 

To solve this problem, on-site calibration method of dose instrument was de-
veloped at home. Gao Fei and Xiao Xuefu [5] [6] of China Institute of Atomic 
Energy studied on-site calibration technology of environmental dose instrument 
and developed a portable device of radioactive source [7] [8]. Rong Yonghua of 
China Institute of Atomic Energy researched on-site calibration technology of 
experimental fast reactor gamma dosimeter. Zhao Chao of Shanghai Institute of 
measurement and testing technology improved gamma source irradiation device 
based on the optimization design, which has accurate positioning and remote 
control shift function, and the weight of the device is greatly reduced [9]. Jin 
Chenghe of China Institute for radiation protection developed a portable mul-
ti-range reference irradiation device for on-site calibration. 

The portable radioactive sources mentioned above are using isotope sources, 
which have the following problems: Firstly the energy of the source is single, 
usually the calibration should use two or more energy points, furthermore the 
supervision of the isotope source is very strict, and rays are emitting all the time, 
once a nuclear accident happens, it will cause great radiation damage to people. 
Though shielding method is used to control the radiation hazard, the security 
risks still exist during the management and transportation of the source. Consi-
dering reliability and radiation safety, the radiation damage to the staff and the 
public in the calibration process should reduce as far as possible, so the on-site 
calibration method combined with energy response correction based on X-ray 
source is proposed [10]. The X-ray source is portable and controllable, and is has 
no radiation damage to human and environment when it is not work. This paper 
studies how to make use of low energy X ray to carry out on-site calibration of 
the full range of the instrument. 
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2. Calibration Theory 

The energy response of a dose instrument is the ratio of conventional true value 
to the display value of the instrument at the monitoring point under the condi-
tion of specific energy and unidirectional radiation. The detector has different 
energy response for gamma rays with different energies, for the same intensity of 
incident gamma rays with different energies the detector’s output may be dif-
ferent, but as a linear time invariant system the output signal of the detector is 
proportional to the gamma ray intensity. That is: 

0 iS S Sγ= ⋅  

where, 0S  and iS  are intensities of output signal and input signal of the 
measurement system, Sγ  is the sensitivity of the system for gamma ray with 
specific spectrum. 

From the formula we can see that for a specific energy spectrum (including 
single spectra and coincidence spectra), if the gamma spectrum response of the 
system is known, then the output of the system can be calibrated with a specific 
energy spectrum. 

Based on this, on-site calibration process is divided into two steps: 1) Cali-
brate the reference instrument in standard laboratory to meet the requirements 
of metering value transfer. Then study the energy response of the instrument 
through experiment and Monte Carlo simulation to obtain the energy response 
curve [11]. 2) Calibrate the dose instrument using substitution method in the 
field and get the calibration coefficient, then revise the calibration coefficient 
through the energy response curve [12]. The calibration flow chart is shown in 
Figure 1. 

3. X Ray Radiation Characteristics 

X ray is produced by X ray unit, its energy and beam intensity can adjust with 
the change of tube voltage and tube current. However, the energy of X ray is low 
and it is usually used in calibration of low energy for the dosimeter. GB/T 
12,162.1 gives the reference performance of filter X ray spectrum from 7 keV to 
250 keV, and it makes the relevant explanation for the characteristics of X ray 
unit [13], radiation field and scattered radiation. The X ray used in this research 
is based on the recommended value of national standard, its radiation characte-
ristics is shown in Table 1. 

4. Energy Response Curve of Gamma Dosimeter 

When the X ray is used to calibrate the dose instrument, because of the energy of 
the X ray is low and it only covers the low energy area of the instrument, which 
makes the calibration results inaccurate. To solve this problem, this research 
combines Monte Carlo simulation and experiment for obtaining the energy re-
sponse curve of the instruments, and using it to revise the on-site calibration 
coefficient to achieve on-site calibration of the gamma dosimeter. 
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Figure 1. Flow chart of on-site calibration method.  

 
Table 1. Radiation characteristics of X-ray source. 

Tube Voltage/kV Average Energy/keV Resolution/% Additional Filtration 

70 60 22% 2.5 mm∙Cu 

100 87 22% 2.0 mm∙Sn + 0.5 mm∙Cu 

125 109 21% 4.0 mm∙Sn + 1.0 mm∙Cu 

240 211 18% 5.5 mm∙Pb + 2.0 mm∙Sn + 0.5 mm∙Al 

4.1. Energy Response Experiment 

To obtain the response of the instrument for different energy of X ray, the ener-
gy response of the dose instrument was measured using different energy of X/γ 
ray. The energy response test of the low energy region of the instrument was 
carried out at the China Institute of Atomic Energy, while the high energy area 
was done at Northwest Institute of nuclear technology. The results of the expe-
riment are listed in Table 2. 

The experimental results show that the kerma rate value of the radiation 
source with 70 kV voltage is lower than conventional true value, the reason is 
that the X ray has certain spectrum broadening, low energy ray is absorbed by 
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aluminum shell, making the output of the detector is low, therefore it will be 
cancelled. 

4.2. Monte Carlo Simulation 

To obtain the energy response curve of the detector, Geant4 [14] is used to si-
mulate the response of the detector to different energy gamma rays [15] [16]. 
The detector is a high pressure ionization chamber, which consists of a central 
electrode, a gas medium and a shell. The central electrode is a cylindrical struc-
ture and its material is aluminum, the shell of the detector is made of stainless 
steel, between the shell and the central electrode is filled with 20 atmospheres of 
pure argon. The schematic diagram of the detector structure is shown in Figure 2. 

The simulation results of the energy response are shown in Table 3. 
 
Table 2. Experimental results of the response of X/γ source with different energies. 

Radiation Source 
Kerma Rate/μGy·h−1 Average  

Value/μGy·h−1 
Conventional True Value/μGy·h−1 

1 2 3 4 5 6 

L70 13.66 13.64 13.65 13.65 13.64 13.64 13.65 40 

L100 45.51 45.53 45.51 45.57 45.53 45.57 45.54 38.88 

L125 52.66 52.68 52.66 52.62 52.64 52.68 52.66 41.93 

L240 44.2 44.18 44.18 44.2 44.18 44.22 44.19 46.81 
60Co 525.0 521.6 523.3 524.1 520.8 522.5 522.9 584.4 

 
Table 3. Simulation of the energy response of the detector. 

Radiation Source Average Energy/keV Response Value 

L100 87 0.860 

L125 109 1.038 

L240 211 0.742 
60Co 1250 0.640 

 

 
Figure 2. The schematic diagram of the de-
tector structure. 
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4.3. Energy Response Correction 

The results of the simulation and experiment are show in Table 4. 
From the results we know that the simulation of the energy response value is 

lower than experiment, the reason is that the output of the detector is kerma 
rate, and it has been converted by intrinsic calibration factor. 

The response of the simulation and experiment is consistent with the change 
of the energy, and its correlation coefficient is 0.96. The simulation results are 
corrected using least square method and the correction coefficient is 1.29. The 
revised energy response value is shown in Figure 3. 

Based on the correction coefficient obtained by experiment, the energy re-
sponse curve is simulated using Geant4 and the result is shown in Figure 4. 

In order to further verify the energy response value after experiment correction, 
the experiment of energy response using 137Cs source was carried out at North-
west Institute of nuclear technology [17], and the results are shown in Table 5. 

The experiment results show that the detector response value for 137Cs source 
is 0.848, however the modified simulation response value is 0.839 and its error is 
1.06%. It is verified that the method of combining experiment and Monte Carlo 
simulation to obtain energy response curve is feasible. 

5. On-Site Calibration 
5.1. On-Site Calibration Coefficient 

Take the reference instrument and X ray unit to the field measurement, and use  
 
Table 4. Energy response of simulation and experiment. 

Radiation source 
Response value 

Simulation Experiment 

L100 0.860 1.171 

L125 1.038 1.256 

L240 0.742 0.944 
60Co 0.640 0.894 

 

 
Figure 3. Revised energy response value. 
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X-ray with voltage of 100 kV, 125 kV, 240 kV as radiation source to irradiate the 
reference instrument and measuring instrument respectively, note that the expe-
riment conditions are the same in the irradiation process. The experiment re-
sults are shown in Table 6. 

The calibration coefficients are different for different X ray energies, mainly 
because the response of the detector is different in the low energy region. 

5.2. Calibration Coefficient Correction 

Usually 137Cs or 60Co source is used as source for calibrating the dose instrument, 
however the response of dose instrument is quite different for different energies 
of X or gamma ray, so the results will be corrected to source of 137Cs or 60Co 
based on the energy response curve, as shown in Table 7. 

The calibration coefficient of the instrument relative to 137Cs is 
3

1
1

1 1.69 1.66 1.67 1.67
3 3i

i
K k

=

+ +
= = =∑  

The calibration coefficient of the instrument relative to 60Co is  
3

2
1

1 1.64 1.71 1.69 1.68
3 3i

i
K k

=

+ +
= = =∑  

The calibration coefficient after correction is 1.675. 
 

 
Figure 4. Energy response curve. 

 
Table 5. Experimental results of verification of energy response curves. 

Radiation Source 
Kerma Rate/μGy·h−1 Average  

Value/μGy·h−1 
Conventional True Value/μGy·h−1 

1 2 3 4 5 6 
60Co 3.833 3.831 3.834 3.834 3.833 3.832 3.833 4.52 

 
Table 6. Measurement value of the dosimeter with different high pressure. 

Tube Voltage/kV Measured Instrument/μGy·h−1 Reference Instrument/μGy·h−1 Calibration Coefficient 

100 17.20 38.75 2.25 

125 15.69 42.02 2.68 

240 24.63 46.74 1.90 
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Table 7. Energy response correction factor. 

Tube  
Voltage/keV 

Calibration  
Coefficient 

Energy Response Correction Factor Correction Calibration Factor 

137Cs 60Co 137Cs 60Co 

100 2.25 0.75 0.73 1.69 1.64 

125 2.68 0.62 0.64 1.66 1.71 

240 1.90 0.88 0.89 1.67 1.69 

Average Value — — — 1.67 1.68 

 
Table 8. Verified experimental of results of on-site calibration. 

Source Laboratory Calibration Coefficient On-site Calibration Coefficient Relative Error 

137Cs 1.63 1.67 2.45% 

60Co 1.61 1.68 4.35% 

Average Value 1.620 1.675 3.40% 

5.3. Calibration Result Validation 

In order to verify the accuracy of on-site calibration method, take the calibrated 
dose instrument to the standard laboratory for testing, the radiation source are 
137Cs and 60Co, and on-site calibration coefficient and experiment calibration 
coefficient are listed in Table 8. 

The relative error of dose instrument for on-site calibration coefficient and 
experiment calibration coefficient is 3.4%, the on-site calibration coefficient is 
relatively large, mainly because the energy of X ray is low, and it is easily ab-
sorbed during transportation in the air or passing through the shell of the detec-
tor making the value of dose instrument measurement lower than the true value. 

The above results show that it is feasible to calibrate the dose instrument using 
X ray, during the calibration process the effect of scattering on dose instrument 
should be reduce as much as possible. 

6. Conclusion 

This paper combined with Monte Carlo simulation and experiment to establish 
an on-site calibration method for dose instrument based on X ray; the calibra-
tion result is verified at standard laboratory, and the relative error is 3.4%. It 
shows that the on-site calibration method is feasible; it works easily and has no 
radiation hazards to person when it is no work, yet it can solve the problem of 
measurement accuracy for large area and stationary instruments, and what’s 
more it has an important significance for improving the radiation environmental 
assessment and radiation safety management level. 
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