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H I G H L I G H T S

� The mathematical model was built to analyze the uniformity of concentration of radon.
� An evaluation method was proposed to evaluate the uniformity of radon concentration.
� The method was successfully used in evaluating the uniformity in a radon chamber.
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a b s t r a c t

In order to solve the problem that the evaluation results of the uniformity of concentration of radon in a
radon chamber via various methods were difficult to compare, according to its statistical properties, a
mathematical model was built to analyze the uniformity of concentration of radon; an evaluation
method for the overall uniformity of concentration of radon was proposed on the basis of single-factor
multi-group ANOVA, and a detection method for nonuniform points in a radon chamber was proposed
on the basis of single-factor two-group t-test; an evaluation process of the uniformity of concentration of
radon in a radon chamber was established. The proposed method was applied to evaluate the HD-6 small
and medium-sized radon chambers and achieved good results.

& 2016 Elsevier Ltd. All rights reserved.

1. Introduction

As a system of “controllable and traceable calibration”, radon
chamber is the standard facility for calibration of measuring in-
struments and experimental researches required in the fields in-
cluding radiation protection, radioactive environmental protec-
tion, radon-based prospecting and seismic exploration. The facility
can primarily provide a steady and adjustable radon concentration
environment, perform unified calibration, verification and perfor-
mance test on various types of measuring instruments in combi-
nation with measurement standards of radon and its progeny, and

carry out experimental study on the behavior and control of radon
and its progeny with the support of temperature and humidity
control system and aerosol generating system (Lee et al.,
2004; Paula et al., 2000).

The uniformity of concentration of radon in a radon chamber
(hereinafter referred to as the uniformity) is an important in-
dicator of evaluating the performance of radon chamber, mainly by
characterizing the uniformity of concentrations of radon at dif-
ferent sampling points. Uniformity directly affects the accuracy of
the calibration of radon monitors and the experimental researches
on the behavior of radon and its progeny. Therefore, uniformity
indicators have been proposed by the radon chambers developed
in countries around the world. For instance, International Radon
Metrology Program (IRMP) recommended a uniformity of 2.5% in a
radon chamber (Xianjie, 2001); the uniformity in a radon chamber
of Atomic Energy Commission of Syria (AECS) was 10% (Shweikani
and Raja, 2005); the uniformity in a radon chamber of Amirkabir
University of Technology in Iran was 10% (Heidarya et al., 2011);
the uniformity in a radon chamber of East China Institute of
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Technology was less than 3% (Xiongjie, 2008); the uniformity in a
radon chamber of University of South China was 1.5–5% (Xianjie,
2001). All these indicators were based on the form of the relative
standard deviation (or the maximum relative error), greatly im-
pacted by the measuring instruments and the measurement time,
and the uniformity between different chambers was thus difficult
to compare. To address this problem, this study explored new
evaluation methods for the uniformity, based on the statistical
properties of the uniformity of concentration of radon in a radon
chamber.

2. Mathematical model for analysis of the uniformity

An evaluation of the uniformity of concentration of radon in a
radon chamber refers to the question that whether the expected
value of concentration at each uniformity test points is equal to
the overall expected value of radon concentration in a radon
chamber. To simplify the discussion, a mathematical model should
be established to analyze the uniformity of concentration of radon
in a radon chamber.

Let E be the overall expected value of radon concentration in a
radon chamber, s be the number of test points required for the
uniformity test, and the expected values of radon concentration at
each test point were recorded as Ej ( j¼1, 2, 3, …, s), then the
effective value of uniformity δj can be expressed as:

δ = − = … ( )E E j s, 1, 2, 3, 1j j

Eq. (2) showed the ideal uniformity of radon concentration in a
radon chamber, that is, all the effective values of uniformity δj

were equal and equal to 0.
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In the actual uniformity test, test instruments (such as radon
monitor) were used for multiple measurements at each test point
(number of measurement¼ n). According to the statistical prop-
erties of radiation measurements, the measured concentration of
radon was the sum of the expected con of radon at test point j and
the random error εij, and can be expressed as:
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where Cij represents the i-th result of the uniformity measured at
the j-th test point (unit: Bq/m3); Ej represents the expected
concentration of radon measured at the j-th test point (unit:
Bq/m3); εij represents the i-th measured result of random error, the
difference between the i-th result of the uniformity measured at
the j-th test point and the expected concentration of radon
measured at the j-th test point (unit: Bq/m3);

The main source of the random error εij was the statistical
fluctuation, and therefore εij should be normally distributed with
an expected value of 0. When detecting the uniformity with the
same measuring instrument, the random errors εij were obviously

independent with an equal variance σ2. Therefore, by substituting
Eqs. (1) and (2) into Eq. (3), a mathematical model could be ob-
tained to analyze the uniformity of concentration of radon in a

radon chamber. It can be expressed as:
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where σ( )N 0, 2 represents normally distributed.
To analyze the uniformity of concentration of radon in a radon

chamber was to test whether the effects δj of the uniformity sta-
tistics were all equal and equal to 0. Obviously, this ideal uni-
formity could not be achieved, therefore, the uniformity of con-
centration of radon in a radon chamber was detected at a certain
level of significance, and the effects δj of the uniformity could be
considered to be all equal and equal to 0.

3. Evaluation method for the uniformity

3.1. Analysis method for the overall uniformity of concentration of
radon

Let H0 be the acceptance domain and H1 be the rejection do-
main of testing hypothesis for the overall uniformity of con-
centration of radon, then there was:
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The mathematical model which was used to analyze the uni-
formity of concentration of radon in a radon chamber shared the
same form of expression with the mathematical model for the
single-factor multi-group ANOVA (Ju et al., 2010; Marini et
al.,2015).

Let SSB be the difference between the expected values of radon
concentration at each test point and the overall expected value of
radon concentration in a radon chamber, named as the sum of
squares of variations between groups, It can be expressed as:
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So the expected value of SSB can be expressed as:

∑σ δ( ) = ( − ) +
=

E SS s n1B
j

s

j j
2

1

2

or

∑σ δ
−

= +
− =

⎛
⎝⎜

⎞
⎠⎟E

SS
s s

n
1

1
1

B

j

s

j j
2

1

2

In the same way, let SSW be the difference between the mea-
surement values of radon concentration at each test point and the
overall expected value of radon concentration in a radon chamber,
named as the sum of squares of variations within groups. The
expected value of SSW can be expressed as:
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When H1 was true, there would be:
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