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In recent years uncertainty evaluation in measurements has achieved great importance, National and international standards
offer guidelines to evaluate uncertainties, but these procedures are, until now, not well understood by the operators. This is
because of the fact that a detailed uneertainty evaluation is not an easy operation and a standard rule to apply in all cases is
not available, Every measurement procedure has its own uncertainty evaluation. In this work, atéention is focused upon the
electret jon chambers (EIC), widely used in radon concentration measurements. Measurements of gamma radiation sensitivity
are performed in a secondary standard calibration laboratory and measurement of radon concenfration sensitivity is
performed in a radon chamber 0.8 m® in volume. Raw data are analysed ¢o evaluate the calibration factors and the combined
uncertainties are determined. The aim of the work is to give a practical method to assess the uncertainty of a radon

measurement.
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INTRODUCTION

Electret ion charnbers (EIC)" can be used both as
gamma dosemeters and radon concentration meters,
In the first case, the radon contribution to the signal
(electret potential lowering) can be suppressed sim-
ply by hermetically sealing the detector in a radon-
proof bag. In the sccond case, there is no practical
method of suppressing the gamma radiation contri-
bution to the signal. So this contribution is usually
transformed into a ‘radon equivalent concentration’
(REC) arising from background gamma radiation,
and represents a noise affecting the signal due to
radon concentration. A complete characterisation
of these devices requires a measurement both of
gamma radiation sensitivity and radon concentra-
tion sensitivity. The uncertainty associated with the
garmnma radiation and radon concentration
calibration factors are evaluated according to ISO
guidelines.'>

MATERIALS AND METHODS

Electret ion chambers are supplied by Rad Elec
Inc. They are available in eight different configura-
tions. Two different charged Teflon discs, named
short-term (ST), with high sensitivity, and long-
term (LT) electets, with low sensitivity, can be
associated with four different chambers named D
(10 em®), L (50 em®), $(200 cm®) and H (1000 cm?).
Only the most widely used configurations were
tested, that is, $ chamber with short-term electret
(88T), S chamber with long-term electret (SLT),
chamber with long-term electret (LLT) L chamber
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with short-term electret (LST) D chamber with
short-term electret (DST) and H chamber with
short-term electret (HST).

GAMMA IRRADIATION

Electrets, in the six configurgtions listed above, were
irradiated to conventionally irue air kerma values.
Irradiations were performed in a secondary standard
calibration laboratory using a '»’Cs source and a
collimated beam, The standard uncertainty asso-
ciated with the conventionally true air kerma
values is 2%.

Irradiation was organised as shown in Table 1.
The air kerma values are selected to obtain a vol-
tage drop of ~40-50 V for each irradiation. The
number of irradiations are selected in order to
achieve a discharge down to ~180 V. Below this
voltage value the ion chamber is out of the satura-
tion range.

Table 1. Organisation of gamma irradiations.

Configuration Air kerma  Number of Number of
defivered measurements electrets used

“07{(mGy)  useful for data
analysis
SST 0.07 33 3
SLT 1 27 3
LLT 25 36 3
LST 0.2 36 3
DST 1 62 5
HST 0.015 54 5
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Table 2. Organization of radon exposures.

Configuration Radon Number of Number
exposure measurements of elecirets
range useful for used
(kBq- h -m™% data analysis

8ST 10-100 20 5
SLT 80900 45 5
LLT 160-4300 36 3
LST 24-1000 36 3
DST 440-4300 62 5
HST 10-40 54 5
RADON EXPOSURE

Radon exposure was petformed in a radon chamber
(RC). The radon source is a vial containing *°Ra
salt, Radon is introduced in the RC through a volu-
metric dosage system that permits a raw assessment
of radon concentration. Inside the RC an Alpha-
guard PQ2000 works as reference instrument.

The reference value of radon exposure is given by

M
D= "CRu;- At (1)

=l

where CRm; represents the ith radon concentration
sampling supplied by the reference instrument,
Because the Alphaguard PQ2000 samples the radon
concentration every hour, At, assumes the constant
value of 1 h and D is expressed in Bq-h-m™>

Radon exposure was organised as shown in
Table 2. As in the gamma radiation case the electrets
are discharged down to about 180 V. The voltage
drop for each exposure is variable from about ten to
about hundred volts, depending on the configuration
sensitivity.

The uncertainty associated with a measurernent of
D is evaluated as the surn of three contributions. The
first is a 3% uncertainty associated with the reference
instruments and is obtained from the calibration
certificate; the second is a statistical uncertainty sup-
plied by the reference instrument together with the
measurement; the third is a time uncertainty arising
from the operation of electrets’ insertion and extrac-
tion in the RC.

DATA ANALYSIS
The calibration factor (CF) is defined by

AV
5 2

where AV represents the voltage discharge due to
irradiationfexposure and D is the air kerma/radon
exposure delivered.

CF=

It should be noted that CF is a function of the
electric field inside the chamber. In order to assess a
funct}’onal dependence, the following relation is
used©

3

where V; and ¥y are the initial and final electret
potentials; ¢ and m are fitting parameters that will
be determined experimentally.

The relative variance associated with CF given by
(2) is expressed by the following:

(CF) - urel AV) + I(-D)’ (4)

The first term on the right-hand side of (4) is asso-
ciated only with the voltage measurement procedure
and is evaluated as follows:

AV =(V; — Vo) — (V7 — Vo), (5)

where V is the reference potential that in our case is
set equal to zero. It is our experience that repeated
measurernent of the same electret, made by different
operators can give a spread of readings up to 3 V.
For this reason, we assess the uncertainty assuming,
for the stochastic variable, a rectangular distribution
3 V wide. The uncertainty is given as

1.5
7 (6)

The uncertainty associated with F} is obtained follow-
ing the same argument described above; the only dif-
ference is that the rectangular distribution in assumed
to be 1 V wide, that is, the instrumental resolution of
voltage reader. The uncertainty is obtained by

CF = q+ml( 2VF)=q+m-X,

u(V) =

0.5
u(Vo) = 7
u(Vo) = 7 ™M
The variance associated with AV is obtained by
E(AV) =d (V) + (V1) + 2.4 (Vo). (8)

The second term on the right-hand side of (4) is asso-
ciated only with the exposure procedures and repre-
sents an uncertainty contribution common to all
measurements. The mathetatical instrument used to
perform the best ﬁt of (3) is based on a weighed least
squares method™. According to the method the vec-
tor a, containing the fitting parameters, is given by
a=[q]=[T’.V-'-T]-T‘-V"-c, (%)
m
where T is a vector containing the experimental X
values, Cis a vector containing the experimental CF

values and ¥V is the variance-covariance matrix
associated with C.
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The variance-covariance matrix M associated
with @ is given by

reference instruments is considered a common
uncertainty.

2 Dy ;) = CF; -ty (D)) - CFj - ey (D
M= [“((4)) u(f(,fn))] — [y, (10) u(Dyy) e el )AVJ el (D)) 0
u(m, w(m
’ sz u(Dy) - 5 -u(Dy),
The ¥ matrix is built in the following way:
uz(CF| )+ & uz(CF],z) + u(Dl,z) N(Dglg) H(Dl,,)
u? (CE21) +u(D2)) ¥ (CF2) + & w? (CFz;) + H(Dz,g) .
u{D3;) u}{CFs2) + w?(Dyz) u(Dp-2p) .
HZ(CF..M)'i"H(D ..L,,)
(D) u(Dy2) W CFopt) + #(Dnp-t) W{CF,) + ¢

In the main diagonal there are the variances
associated with experimental CF values plus a
constant ¢. The constant ¢ enters in the calculation
of ¥* and is assessed to obtain a value of that is ¥
lower than the number of degree of freedom. In the
element out of the mean diagonal there are the cov-
ariance elements. In particular, the elements just
beside the mean diagonal are evaluated as the sum
of two components. The first reflects the correlation
of two consecutive AV measurements, The argument
employed to assess this correlation starts from the
consideration that in consecutive exposures of the
same electret the final voltage of nth exposure agrees
with the initial voltage of (r2+ 1)th exposure. So the
potential common to both exposures is considered as
a correlation element. In order to quantify the cor-
relation the following mathematical model is used:

Vcommon + Fo
D 3
CF,, yn+1 has no physical meaning and is introduced

only to have an analytical expression to calculate
u (CF,, n+1) that represents the correlation element:

CF,,+U, = CF,,‘"+| = (l 1)

1(CBppr) = t*(CFi1)

_ uz(memon) + uZ(VO)
= Gy s

(12)

Note that in Equation 12 D is not considered a
stochastic variable because its contribution is con-
sidered in the second term.

The second term in the elements beside the mean
diagonal is equal to the terms in leftover elements of
the matrix. These terms are introduced because the
uncertainty associated with air kerma/fradon expo-
sure is a common uncertzinty. They are evaluated,
according to Equation 13 by taking the relative
variance associated with air kerma/radon exposure
multiplied by the corresponding CF. In the radon
exposure, only the uncertainty associated with the

The M matrix allows one to express the uncertainty
associated with the calibration factor CF by the
following analytical form:

u(CF)

(g} + X2 (m) 42X -ulg,m) + m? - 42 (X)
(14)

RESULTS

The arguments explained above permit one to obtain
a measurement of the calibration factor and the asso-
ciated uncertainty, both for radon concentration and
for gamma radiation. In Table 3 the values obtained
for the electrets used as gamma dosemeters are Hsted.
In Table 4 the same vafues are listed for electrets used
as radon concentration meters.

In radon concentration measurements, 2
correction for gamma background must be infro-
duced. For this purpose the following formula is used:

AVgs AV ~ AV

Epn = CFr,  CFp,

(15)

where Ep, represents the integrated concentration,
and the voltage drop (A V) is split into two contribu-
tions, the first due to radon (AVg,), the other due to
gamma radiation (AV,). The second contribution
can be assessed by (2). Equation (15) can thus be
rewritten as follows:

AV

~C-D, (16)

where C represents the radon equivalent con-
centration of the gamma contribution. In Table 5
the values of C for the studied configurations
are listed.
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Table 3. Fitting parameters of the weighted least squares method for exposures to gamma radiation.

DST HST LLT LST SLT SST
Degree of freedom 60 52 34 34 25 31
¢ (V Gy™) 27.65 941.72 10.2641 98.95 32.02 295.58
m (Gy™! : 1.7 39249 1.2622 18.91 525 77.75
(g} (V¥ Gy 5.84 65194 3.2997 214.11 23.02 2910.5
(i) (Gy~2) 0.145 1813 0.0882 6.4 0.61 31.4
u (g, m) (V Gy™?) —0.87 — 10469 —0.5271 —354 —-3.59 —464.8
e(VGy™y 0.66 95 0.45 0.2 1.35 18
© 59.4 51.69 314 32.49 2357 309
Table 4. Fitting parameters of the weighted least squares method for exposures to raden concentration.
DST HST LLT | LST SLT SST
Degree of freedom 46 18 54 42 43 18
g (VBq™' b~ 247E-05  —5.33E--03 3.40E--06 2.69E—04 7.16E-05 1.09E—03
m(Bq™' h~' m%) 1.03E-06 2.73E—-03 3.33E-06 1.76E—-05 1.60E-05 1.32E~04
w2 (g) (V2 g“z h™* m% 1.13E—11 8.72E-06 1.12E—11 3.02E-09 8.55E—10 1.96E~07
w(m) (Bq~2 h™* m%) 2.98E~13 2.68E-07 3.04E~13 8.17E—11 2.38E-11 5.64E—09
u{g,m(V Bc}“‘z h=? mﬁ) —-1.76E—12 -152E—-06 - —1.78E-12 —4.84E—10 —-1.40E-10 —3.28E~08
¢{VBq~' h™' m? 1.03E—6 6.10E—4 1.OOE-5 2.25E-5 9.2E-6 1.03E—4
) pad ‘ 45.5 17.49 - 52,6 41.2 41.6 17.1
Table 5. C values for gamma radon equivalent associated with gamma background measurement
concentration, are considered. Figure 2 shows, for the LLT config-
‘uration, the relative uncertainty as a function of
Configuration CBqhm™nGy™") Standard integrated radon concentration. The relative stan-
X, uncerfainty  dard uncertainty associated with gamma back-
ground is assessed as 20%. Different values of
ST 5. 335 ;1-_0"? 0.35 0.016 gamma background are considered. Figures ! and 2
SLT ¢ 038 0.018 simply plot Equation 17
LST A e 29 0.57 0.024 ’
LS 6-{9€#29 g 0029
HST 25 45 .37 8,67 0.30 - 0.016 '‘CONCLUSION
DST I, %0, 1 ¥71.23 0.050 X . .
204 Equations for an evaluation of the uncertainty

The final expression of uncertainty is given by .
(17). It can be noted that uncertainty is a function of
the garama background value, uncertainty associated
with gamma background value and AV,

w{AV)  AV?
CFZ Tcpr Y
. + D% A (C) + C i),

(CFry)

W ('E,fé,,)-: +

(17)
Figure 1 shows, for the LLT configuration, the
relative uncertainty as a function of integrated

radon concentration. The gamma background is
assessed as 150 nGy h™'. Different uncertainties
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can be used both for assessing an uncertainty of
the measurements and to plan the measurement
campaign. The operator can use the formula
(17) without other consideration starting from
the value of gamma background and its uncer-
tainty. This information can be derived form the
calibration certificate of the instrument used for
gamma background measurement. In other cases
they can be derived from published data
of the mean gamma background in the site
under study.

A prediction of expected uncertainty is useful
to evaluate the degree of knowledge of back-
ground gamma radiation, and so to assist in
using the short-cut method to perform the mea-
surement without compromising the quality of
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Figure 1. LLT configuration. Relative uncertainty associated with radon exposure measurement as a function of the
measured radon exposure. The gamma background is assumed to be 150 nGy h™'. The gamma background relative
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uncertainty is assumned to range from 5% to 50%.
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Figure 2. LLT configuration. Relative uncertainty associated with radon exposure measurement as a function of the
measured radon exposure. The gamma background is assumed to range from 100 to 500nGy h~'. Uncertainties associated
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