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I. López-Coto a,�, J.L. Mas b, J.P. Bolivar a, R. Garcı́a-Tenorio c

a Department of Applied Physics, University of Huelva, 21071 Huelva, Spain
b Department of Applied Physics I, University of Seville, 41012 Seville, Spain
c Department of Applied Physics II, University of Seville, 41013 Seville, Spain
a r t i c l e i n f o

Article history:

Received 8 February 2008

Received in revised form

3 July 2008

Accepted 15 July 2008

Keywords:

Radon

Radon potential

Emanation factor

Accumulation technique

Bound exhalation

Porous materials
esponding author. Tel.: +34 959219783.

ail address: Israel.lopez@dfa.uhu.es (I. López-
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The radiological risk associated with the use of solid materials has been traditionally established

according to their radon exhalation rates, the accumulation chamber technique being the most widely

used for the determination of this quantity. However, this coupled methodology has two important

drawbacks: the calculated exhalation rate value depends strongly on the experimental setup used;

hence widely varying values can be calculated for the same material. Furthermore, this technique

usually requires long monitoring times (between 1 and 4 weeks).

In this paper, we present a fast and reproducible method for the determination of radon potential

(as an alternative to the exhalation rate) based on the application of the accumulation chamber

technique. Radon potential is proportional to the emanation coefficient, and can be calculated within

measuring times of less than 24 h. The theoretical basis is developed and the experimental setup is

discussed in detail in this paper.

The procedures for the determination of different experimental parameters (leakage constant, slope

correction) are shown as essential steps for the later determination of the radon potential. In addition,

the robustness of the developed methodology is demonstrated, and the reproducibility tests carried out

with the general system performance are shown. Finally, the radon potential for different materials is

determined, allowing its prompt categorization according to its associated radiological risk.
1. Introduction

It is well known that radon and its short-lived decay products
in both outdoor and indoor atmospheres are the most important
contributors to human exposure to ionizing radiation from natural
sources, especially the indoor atmosphere is sometimes trouble-
some due to possible radon accumulation in houses, buildings and
workplaces. This contribution is around 1.1 mSv y�1, which
represents 50% of the total dose (UNSCEAR, 2000). This significant
level of radon radiology implies the need to control it in the
workplace and/or housing. To do that, it is important to evaluate
the role and contribution of the different materials that can act as
radon sources inside buildings for work and residence (soils,
building materials, NORMs, wastes, etc.).

Several parameters, such as exhalation and air ventilation rates
at the studied site and the occupation factor, determine the true
radon radiological risk associated with such materials. As a
consequence, a quantitative classification of these materials
according to their true associated radiological risk is not possible.
A common classification could be established on the basis of the
Coto).
corresponding material exhalation rate. Nevertheless, the exhala-
tion rate is a function of diffusion length, which, in turn, depends
on several physical parameters of the material (humidity, porosity
and geometry). Furthermore, the obtained value of this quantity is
dependent on the methodology used for its characterization
(Petropoulos et al., 2001; Tuccimei et al., 2006), i.e., it is not an
absolute magnitude. An alternative approach to quantify the
potential risk instead of the true radiological risk could be based
on the so-called ‘‘radon potential’’, O, (1), which represents the
radon activity generated inside the material that can be
transported across it towards the surrounding atmosphere.

O ¼ �CRa ðBq kg�1
Þ (1)

with e being the emanation factor and CRa (Bq kg�1) the activity
concentration of 226Ra of the material.

In contrary to the exhalation rate, the radon potential is a
characteristic of the material that is not influenced by the
experimental conditions during its determination. The radon
potential appears, then, as a suitable magnitude for classifying/
comparing porous materials in relation to its potential radon
radiological risk.

Several authors have described the determination of the
exhalation rate and emanation factor of materials using both
laboratory and field measurements. Nevertheless, big differences
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have been found among their data, as well as in the experimental
conditions employed (Baykara et al., 2001; Bossew, 2003; Singh
et al., 1999; Mahur et al., 2008). These methods are generally
based on accumulation techniques, and they present the addi-
tional problem of requiring accumulation periods within a range
of 1–4 weeks (Sakoda et al., 2008). Furthermore, the presence of
leakages within the chamber modifies the effective time constant
and the saturation concentration reached. As a consequence, the
exhalation rate and emanation coefficient could be underesti-
mated (Ferry et al., 2002). Another typical problem of this
technique is the bound exhalation: when the radon concentration
within the chamber air increases, the concentration gradient
driving the diffusion decreases. This provokes a redistribution of
the radon profile leading to a decrease in the determined
exhalation rate value (Cosma et al., 2001).

The major aim of this work is the improvement of the
accumulation technique in order to get a fast, accurate and
reproducible method for the measurement of radon potential. It
will be shown that the same methodology permits the determi-
nation of radon potential, once the experimental setup is provided
and the corresponding mathematical modeling has taken into
account the effects described above.
2. Theoretical framework review

The study of the accumulation of radon exhaled by a sample
into a sealed chamber can be divided into two interdependent
processes: (1) transport within the sample and (2) accumulation
in the chamber after crossing the interface. The continuity
condition of the radon concentration in the sample–air interface
is the term that relates both processes of the problem. This
coupled equations’ system can be solved in an analytical way after
introducing several approximations.

2.1. Transport within the sample

The generation and transport processes within porous materi-
als are described in a general way by an equation of balance for
each phase in the sample (soil, water and interstitial air). The
complexity of the problem can be reduced by transforming these
equations into another for a simple phase (air), using expanded
definitions of transport coefficients and porosity (Rogers and
Nielson, 1991).

In order to resolve this equation analytically, it is necessary to
assume the following approximations:
�
 One-dimension transport across z-axis.

�
 Diffusion coefficient is homogeneous in the sample.

�
 226Ra concentration is homogeneously distributed in the

material.

�
 Diffusive transport only (the pressure is constant within the

chamber).

�
 Exhalation only occurs in the interface sample–air (z ¼ 0).

Under these conditions, the transport equation can be written in
the following way:

qCRn

qt
¼ De

q2CRn

qz2
þ lRnF0 � lRnCRn (2)

With b.c.

CRnðz ¼ 0Þ ¼ Ca
RnðtÞ

qCRn

qz

����
z¼�z0

¼ 0 (3,4)
where CRn is the radon concentration in the air-filled pores
(Bq m�3), CRn

a is the radon concentration in the air of the chamber
(Bq m�3), lRn is the radon decay constant (s�1) and De is the
effective diffusion coefficient (m2 s�1), which is written as
De ¼ Db/b.

Db is the bulk diffusion coefficient (m2 s�1) and b ¼ (1�s+sL)p+
rka is the effective porosity, s is the humidity saturation (fraction
of water-filled pores), L is the Ostwald coefficient, p is the porosity,
r is the bulk density (kg m�3) and ka is the adsorption coefficient
to solid phase (generally depreciable). F0 is related to the source
term of the material (Bq m�3):

F0 ¼
r
b

CRa� ¼
r
b
O (5)

e is the emanation fraction and CRa is the 226Ra activity
concentration (Bq kg�1). The term O (Eq. (1)) is the previously
defined Radon potential.

Eq. (3) is the continuity condition and it provides the temporal
dependence of the concentration profile in the sample as a
function of the Rn concentration inside the chamber. To solve this
equation it is necessary to consider that the evolution of the
concentration profile within the sample from the initial steady
state to final steady state is a quasi-static process. This way, the
solution will be a succession of steady states modulated by this
boundary condition (Cosma et al., 2001).

In these conditions, the concentration profile in the sample is
written in this form (Porstendöfer, 1994):

CRnðz; tÞ ¼ ðC
a
RnðtÞ �F0Þtgh

z0

l0

� �
senh

z0

l0

� �

þ ðCa
RnðtÞ �F0Þ cosh

z0

l0

� �
þF0 (6)

l0 ¼

ffiffiffiffiffiffiffi
De

lRn

s
(7)

with z0 being the sample thickness (m) and l0 the diffusion length
(m).

The sample exhalation rate, E, is defined as the radon activity
flow crossing the interface sample–air (Bq m�2 s�1) and can be
calculated by means of Fick’s first law as z ¼ 0:

E ¼ �Db
qCRn

qz

����
z¼0

¼
Db

l0
ðF0 � Ca

RnÞtgh
z0

l0

� �
¼ E0 �oCa

RnðtÞ (8)

o ¼ Db

l0
tgh

z0

l0

� �
¼ blRnl0tgh

z0

l0

� �
(9)

E0 ¼ oF0 ¼ rlRnl0tgh
z0

l0

� �
O (10)

The exhalation rate depends on the radon in the chamber air
(Eq. (8)). This situation leads to a decrease in the exhalation rate
as the radon concentration increases. This effect is known as
bound exhalation, and is quantified by the term oCa

Rn in Eq. (8). It
is possible to consider the extreme case where the sample
thickness is very small against diffusion length, z05l0. In this
situation, the free exhalation, E0, is not dependent on the diffusion
length, but only on sample characteristics:

tgh
z0

l0

� �
�!
z05l0 z0

l0
(11)

E0 ¼ lRn�CRarz0 ¼ lRnO
m

S
(12)

S is the exhalation surface (m2) and m is the sample mass (kg), and
plane geometry for the source has been assumed (i.e., V ¼ Sz0).
Typically, the diffusion length in porous material is above the
0.25–0.30-m range (Keller et al., 2001; Mujahid et al., 2005);
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therefore, this approximation will be applicable to a sample
thickness of less than 0.05 m.

On the other hand, if the sample thickness is great against the
diffusion length, then z0bl0. Now, the free exhalation rate is a
function of the diffusion length. This is the typical case of semi-
infinite material:

tgh
z0

l0

� �
�!
z0bl0

1 (13)

E0 ¼ lRn�CRarl0 (14)

2.2. Accumulation inside the chamber

The Rn accumulation process inside the chamber is governed
by a balance equation (Butterweck-Dempewolf and Schuler, 1996),
with the source term as an implicit time function, is shown in
Eq. (8):

dCa
Rn

dt
¼

EðtÞS

Vc
� lRnCa

Rn � lvCa
Rn (15)

Ca
Rnðt ¼ 0Þ ¼ C0

Rn (16)

where Vc is the effective chamber volume available for accumu-
lating radon (m3) and lv is the leakage constant of the
experimental setup (s�1).

After introducing Eqs. (8) in (15) for z05l0, the solution can be
written as

Ca
RnðtÞ ¼ Csat

Rn þ ðC
0
Rn � Csat

Rn Þe
�leff t (17)

leff ¼ lRn þ lb þ lv (18)

lb ¼ lRnb
V0

Vc
(19)

CSat
Rn ¼

E0S

leff Vc
(20)

with V0 being the sample volume (m3), leff the effective time
constant (s�1), lb the bound exhalation constant (s�1), CSat

Rn the
final steady-state concentration (Bq m�3) and C0

Rn the initial
background concentration (Bq m�3).

The solution (Eq. (17)) represents an exponential growth of the
radon concentration inside the chamber with an effective time
constant, which depends on the leakages of the chamber and the
sample characteristics (bound exhalation constant). The ratio of
the sample volume to chamber volume and the sample effective
porosity determine the magnitude of the effect of bound
exhalation on the measure. The leakage constants are generally
the most important parameters to be determined in these
experiments. Indeed, the combined contributions of all sink terms
can be described through the determination of leff.

The experimental determination of leff and CSat
Rn requires fitting

experimental values of Ca
Rn as a function of time under continuous

monitoring conditions. Obtaining the radon potential is immedi-
ate with the combination of Eqs. (12) and (20):

O ¼
leff VcCSat

Rn

lRnm
(21)

Since the determination of O is neither dependent on other
parameters nor other methods, it could be said that this method
(continuum monitoring until reaching steady-state conditions) is
an absolute method for measuring the radon potential in
materials.
3. Short-time accumulation periods

As previously explained, the determination of different para-
meters such as the exhalation rate or emanation factor is time-
consuming, requiring between 1 and 4 weeks of continuous
monitoring for their determination. In order to reduce the typical
accumulation period, a linear approximation can be made during
the first hours of accumulation (Stranden, 1983):

Ca
RnðtÞ ffi C0

Rn þ ðC
sat
Rn � C0

RnÞleff t (22)

The slope of this equation, b (Bq m�3 s�1), is related to the
exhalation of the sample, and this in turn is related to the radon
potential:

O ¼
bþ leff C0

Rn

lRn

Vc

m
(23)

As the time used for the determination of the slope increases,
the deviation between the fitted slope, b, and the initial slope, b0,
increases. This deviation is a systematic consequence of approx-
imating the exponential growth to a linear law. The slope that
truly shows the radon potential is the initial slope (i.e., where the
short measurement time approach can be used); thus, it is
necessary to correct the fitted slope, bfitted, by means of a slope
correction factor (SCF):

SCF ¼
b0

bfitted
(24)

A good approximation to the fitted slope for an accumulation
period, t0, could be the average value of all slopes with
measurement times of less than t0. Thus,

bfitted ¼
1

t0

Z t0

0
mðtÞdt ¼

1

t0

Z t0

0

dCa
Rn

dt
dt ¼

a

leff t0
ð1� e�leff t0 Þ (25)

a ¼ leff ðC
Sat
Rn � C0

RnÞ (26)

Eq. (25) is not defined for t ¼ 0, nevertheless, it is possible to
evaluate its limit, which corresponds to the initial slope:

lim
t0!0
ðbfittedÞ ¼ a (27)

Therefore, the SCF is written in the following form:

SCF ¼
b0

bfitted
¼

leff t0

1� e�leff t0
(28)

As expected, this factor only depends on the measuring time
used for fitting and the effective time constant of the measure.

Using this approach requires knowing the effective time
constant in the chamber, which is a combination of the sample
(lb) and chamber (lv) characteristics. The bound exhalation
constant can be determined by using Eq. (19). Nevertheless,
obtaining the leakages constant requires a special test, which can
be made in two ways: (1) natural decay of an initial radon
concentration (López-Coto et al., 2007), and (2) accumulating and
monitoring the radon exhaled by a sample until steady-state
conditions have been reached. The second way introduces a
greater uncertainty than the first due to the combined effect of the
parameters involved in the determination.
4. Detection limit. Minimum detectable radon potential (MDX)

In samples with low radon potential, it is possible that the
radon concentration generated by the sample can be masked by
the typical background fluctuations and, so, the result obtained
for the sample would be overestimated. In the literature, they
usually refer to the detection limit of the radon detector.
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I. López-Coto et al. / Applied Radiation and Isotopes 67 (2009) 133–138136
With the aim of establishing a lower limit for this method, it is
necessary to define the minimum detectable radon potential
(MDO) concept as ‘‘the minimum radon potential that produces a
net increase in the radon concentration significantly distinguish-
able from the background’’. This parameter is simply the
application of the ISO’s decision limit (DL; ISO 11929-5; 2006)
to our working conditions.

This idea is associated with the concept of minimum
detectable concentration (MDC), which can be defined as radon
concentration that differs significantly from the background (i.e.,
the radon concentration corresponding to the lower limit of
detection (LLD) of the whole operational setup). This way, it is
possible to write the MDC as

MDC ¼ C0
Rn þ 3sbackground (29)

where sbackground is the standard deviation of the background
(Bq m�3). This definition ensures that the MDC is different to the
typical background fluctuations within a 99% confidence interval.

If the averaged background concentration is less than the
detection limit of the radon detector, it is necessary to use this last
value in order to determine the MDC.

With these definitions it is possible to evaluate the MDO for
this method in its two versions: long-time and short-time periods.

4.1. Long-time periods

This is the classic case of accumulation as far as the steady-
state condition (Eq. (16)). In this case, the saturation concentra-
tion must be at least the MDC in order to differentiate it from
background fluctuations, thus

MDO
��
Long�time

¼
leff VcMDC

lRnm
(30)

The value of this limit increases along with the expansion of the
chamber volume, the leakages constant, the bound exhalation
constant, the initial background concentration and the back-
ground fluctuations, and it decreases as the mass amount
increases.

4.2. Short-time periods

For short-time periods (Eq. (22)), the net change in the radon
concentration during the accumulation period, t0, must be at least
MDC�C0

Rn ¼ 3sbackground; thus the minimum detectable slope must
be 3sbackground/t0. Hence, the MDO can be written in the following
form:

MDO
��
Short�time

¼
ð3sbackground=t0Þ þ leff C0

Rn

lRn

Vc

m
(31)

This expression follows, qualitatively, the same dependence on
the chamber and sample characteristics as the expression found
for long-time periods. Nevertheless, the background fluctuations
are of greater importance than in long-term periods. This way, it is
possible to ensure that the detection limit for short-time periods
is higher than those corresponding to long-time periods, as
expected for conventional radiometric detectors.
5. Experimental setups

In order to perform the experimental measures involved in this
work, three radon accumulation chambers were developed, each
with different nominal volumes. The materials used in the
construction of the chambers have been selected according to
their diffusion performances in order to ensure maximum
impermeability of the walls.

For radon concentration monitoring purposes, two radon
detectors have been used. The AlphaGUARD PQ2000PRO of
Genitron Instruments (AG) is an ionization chamber with a
working range of 2–2�106 Bq m3 and a temporal resolution of
10 min. This detector had been factory-calibrated and is traceable
to PTB and NIST. The other detector is the Model 1027 of Sun
Nuclear Corporation (SNC). This detector is based on the radon
progeny electrodeposition with a working range of 4–4�103 Bq
m3 and a temporal resolution of 1 h. It had been calibrated at the
Huelva University Radon Chamber, the reference detector being
the NIST-traceable AG, and a calibration factor very close to the
ideal value obtained (López-Coto et al., 2007).

The A chamber consists of a hollow aluminium cylinder with a
nominal volume of 0.23 L, which is screwed onto the radon
diffusion entry window of the AlphaGUARD. A rubber gasket seals
the two parts of the setup (Ferry et al., 2002). The effective volume
for accumulation is formed by the inner volume of the detector
(0.59 L) and the rest of the cylinder not occupied by the sample.

The B and C chambers had been made with a high-density
polyethylene (HDPE) barrel of 60 and 220 L of nominal volume,
respectively, and are sealed with a rubber gasket and a mechanical
pressure closing. Although these chambers can be operated with
both detectors, the B chamber (60 L) was operated with the SNC
and the C chamber (220 L) with the AG in order to carry out
simultaneous measurements and save time.

The sample has cylindrical geometry with different diameters,
and the sample thickness is always less than 5 cm. The walls of the
sample container ensure that radon exhalation from the materials
only appears on their upper surface.

Humidity saturation, s, and porosity, p, have been obtained via
the determination of the grain density, rg (kg m�3), the bulk
density, rb (kg m�3) and the amount of water, w (kg), contained
within a volume, V (m3), of the sample:

p ¼ 1�
rb

rg

(32)

s ¼
w

pVrw

(33)

where rw (kg m�3) is the water density. Using these parameters,
the diffusion length can be calculated using the experimental
expression proposed by Rogers and Nielson (1991). Hence, it has
been possible to test that all the diffusion lengths of the material
are substantially longer than the sample thicknesses. In these
conditions, it is possible to ensure that the operational require-
ments shown in Section 2.1 are satisfied.

Although it is not necessary for radon potential determination,
the 226Ra activity of the samples has been measured using a
Canberra GX3519 gamma spectrometer (38% relative efficiency)
including a 15-cm Fe passive shielding (Pérez-Moreno et al.,
2002). This value, coupled to the radon potential, allows the
calculation of the emanation factor of the samples (1).
6. Results

6.1. Leakages constant

This parameter, which is necessary for the determination of the
effective time constant of the chamber, has been determined by
monitoring the temporal evolution of radon concentration inside
the chamber, following the natural decay of an initial radon
concentration. Fitting the experimental data to Eq. (17), without
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source term, it is possible to calculate the leakage constant of the
chamber (López-Coto et al., 2007).

In order to test the reproducibility of this parameter, 5–10
replicates for each chamber have been performed. Both averages
and standard deviations are shown (Table 1).

As expected, the leakage constant decreases with increasing
volume of the chamber. However, it is possible to see by
comparing the standard deviation that the screwed closing
system is less reproducible than the pressure-based closing
system.

6.2. Slope correction factor

In order to correct the deviation between the linear law and
the exponential growth, it is necessary to introduce the SCF as
previously explained. The robustness of the theoretical model (28)
has been tested and the experimental slope correction deter-
mined. To do that, different accumulation times have been used
and tested against the long-time measurement method through
the analysis of a phosphate rock sample and the A chamber. The
results are shown in Fig. 1. It is possible to see the good agreement
between the experimental and theoretical values. This experience
allows the use of this theoretical factor in order to correct the
fitted slope to a selected accumulation time.

6.3. Free exhalation rate vs sample thickness

According to the theoretical model, a linear relationship can be
established between the free exhalation rate and the sample
thickness. Hence, an experiment was carried out in the C chamber
using a phosphate rock sample with CRa ¼ 1600720 Bq kg�1.
Fig. 2 shows the normalized free exhalation rate for several
sample thicknesses. This normalized exhalation rate, Ê (m), has
Table 1
Leakages constants of the chambers with the standard deviation for 5–10

replicates

Chamber lv (s�1)

A (4.570.7)�10�6

B (3.7070.19)�10�7

C (2.8170.14)�10�7

0
0.9

1.0

1.1

1.2

1.3

1.4

1.5

S
C

F

t (hours)
5 10 15 20 25 30

Fig. 1. Theoretical and experimental slope correction factor.
been calculated from Eq. (12) in order to obtain the emanation
factor as the slope of the fitted function:

Ê ¼
E0

CRarblRn
¼ �z0 (34)

The aforementioned dependence is in good agreement with the
prediction as it is possible to deduce through the correlation
factor (r2

¼ 0.9801) obtained. The emanation factor obtained this
way, e ¼ 0.1470.01, is in good agreement with the literature and
the radon potential is O ¼ 224722 Bq kg�1. The independent term
has no statistical significance, showing that there is no systematic
offset, as expected.
6.4. Reproducibility test

A phosphate rock sample has been measured 10 times in each
chamber (Table 2). It can be seen that all the results agree within
the statistical dispersion. Indeed, those values are in good
agreement with the radon potential obtained for this sample in
Section 6.2. This shows that this methodology can be reproduced
independently in the chamber used, and that small-volume
chambers give more precise results.
6.5. Radon potential of different materials

To prove the usefulness of this method, 64 samples of varied
origins have been measured. Table 3 shows the results obtained
for the radon potential, radium concentration, emanation factor
and MDO with their standard deviations, which indicates the
statistical dispersion of each sample.

The materials arising from the uranium mining industry
present a radon potential 5 times higher than those generated
in the production of phosphate fertilizers, which in turn have
values 30 times higher than typical soils. In contrast, the building
materials from this zone have a radon potential similar to these
soils. That could allow us to establish an exposure risk classifica-
2.0
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E
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 (c
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)

Sample thickness (cm)
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Fig. 2. Variation of the exhalation factor with sample thickness.

Table 2
Radon potential and standard deviation determined for 10 replicates of a

phosphate rock sample

Chamber O (Bq kg�1)

A 22779

B 215713

C 222715
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Table 3
Radon potential, radium concentration, emanation factor and minimum detectable radon potential with their standard deviations for different kinds of materials

Material O (Bq kg�1) CRa (Bq kg�1) e (%) MDO (Bq kg�1)

Huelva soils (10) 1371 32720 37711 3.0

Canary Island soils (4) 1273 42716 29710 2.5

Phosphogypsum stacks cover (9) 673 2278 2777 2.9

Phosphogypsum (15) 127729 6567149 2074 8.9

Phosphorite (13) 22779 1600740 1471 9.7

Uranium mining wastes (3) 5527404 550073600 1072 9.2

Building materials (10) 2.471.3 N. M. N. M. 2.1

The number in brackets represents the analysed samples for each kind of material.

I. López-Coto et al. / Applied Radiation and Isotopes 67 (2009) 133–138138
tion: material from uranium mining industry 4 phosphate rock b

typical soils � building materials.
These results show that a wide range of materials can be

measured by the method proposed; only materials with very low
radon potential being problematic from the methodological point
of view.

It is worth noting that, according to Eq. (12), the determination
of radon diffusion lengths has been not required to obtain a
categorization of the materials studied. If necessary, the exhala-
tion rate could be determined using Eq. (10), although it would
require the inclusion of both diffusion length and the problem
geometry (as shown in the calculations). It can be seen that the
exhalation rate for the same kind of material (i.e., same radon
potential) might vary along several orders of magnitude as a
function of these factors.
7. Conclusions

A general model describing the radon concentration evolution
inside an accumulation chamber has been developed in order to
design a fast and reproducible method for the determination of
radon potential. This quantity can be considered an interesting
alternative to the exhalation rate under certain conditions in order
to compare the potential radon exposure radiological risk due to
materials. The typical accumulation period has been reduced from
several weeks to a few hours, saving a lot of measurement time. A
detection limit has been defined as a quality indicator. According
to the data obtained, it is possible to ensure that a wide range of
materials can be measured with this technique without the need
to deal with additional parameters and considerations such as
diffusion length and the geometry of the problem, which can
introduce differences of several orders of magnitude in the
calculated exhalation rate.
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López-Coto, I., Bolivar, J.P., Más, J.L., Garcı́a-Tenorio, R., Vargas, A., 2007.
Development and operational performance of a single calibration chamber
for radon detectors. Nucl. Instrum. Methods Phys. Res. A 579, 1135–1140.

Mahur, A.K., Kumar, R., Mishra, M., Sengupta, D., Rajendra, P., 2008. An
investigation of radon exhalation rate and estimation of radiation doses in
coal and fly ash samples. Appl. Radiat. Isot. 66, 401–406.

Mujahid, S.A., Hussain, S., Dogar, A.H., Karim, S., 2005. Determination of porosity of
different materials by radon diffusion. Radiat. Meas. 40, 106–109.
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