E. Hasanzadeh, ef al.: Comparison of Passive and Active Radon Measurement ...

Nuclear Technology & Radiation Protection: Year 2016, Vol. 31, No. 1, pp. 73-78

73

COMPARISON OF PASSIVE AND ACTIVE RADON MEASUREMENT
METHODS FOR PERSONAL OCCUPATIONAL DOSE ASSESSMENT

by

Elham HASANZADEH |, Fereidoun MIANJI %,
Asghar SADIGHZADEH 2, and Farhang MIZANI 3
" Nuclear Fuel Cycle Deputy, Tehran, Iran

2 Nuclear Science and Technology Research Institute, AEOI, Tehran, Iran
% Payame-Noor University, Qazvin, Iran

Scientific paper
DOI: 10.2298/NTRP1601073H

To compare the performance of the active short-term and passive long-term radon measure-
ment methods, a study was carried out in several closed spaces, including a uranium mine in
Iran. For the passive method, solid-state nuclear track detectors based on Lexan polycarbon-
ate were utilized, for the active method, AlphaGUARD. The study focused on the correlation
between the results obtained for estimating the average indoor radon concentrations and con-
sequent personal occupational doses in various working places. The repeatability of each
method was investigated, too. In addition, it was shown that the radon concentrations in dif-
ferent stations of the continually ventilated uranium mine were comparable to the ground
floor laboratories or storage rooms (without continual ventilation) and lower than under-

ground laboratories.
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INTRODUCTION

Radon (**’Rn) and its short-lived decay products
are the most important contributors of human exposure
to ionizing radiation from natural sources. Until the
1970, radon and its progenies were regarded as radia-
tion health hazards encountered only in the mining and
processing of uranium ore. As a result of the scientific
reports issued by globally trusted organizations and
commissions like WHO and ICRP, that notion has sig-
nificantly changed [1, 2]. Epidemiological surveys
have shown that indoor radon is responsible for a sub-
stantial number of lung cancers in the general popula-
tion. The majority of indoor radon concentrations occur
in the lower range of a lognormal distribution frequency
curve, therefore, the vast majority of radon-induced
lung cancers are thought to be a result of exposure to
low and moderate radon concentrations [1, 3].

Regarding the considerable cancer risk of low and
moderate radon concentrations, accurate estimation of
the mean indoor radon concentration is of great impor-
tance. Passive long-term techniques such as the use of
solid-state nuclear track detectors (SSNTD) are ex-
pected to provide proximate estimations of average ra-
don concentrations. This is due to the fact that SSNDT
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integrates radon activity over a long time (often one to
several months). These detectors possess dominant ca-
pabilities for spectrometry and for defining the inci-
dence angle of particles (alpha, proton, efc.), too [4].
The disadvantages of passive long-term methods are
that they are time-consuming and that the majority of
them are not real-time. On the other hand, short-term
sampling methods such as active radon grab devices are
fast and almost real-time. However, they only provide
radon information for short sampling times. Despite the
variations of radon release rates over time, active tech-
niques are widely used for estimation of average radon
concentration levels [1]. The objective of this work is to
define the correlation of the active short-term radon
concentration measurement method with the passive
long-term method (as the preferable approach). To this
end, both active and passive methods were utilized to
evaluate radon concentration in various closed spaces,
including a uranium mine, and the results of the two
methods were compared. The repeatability of each
method was also investigated.

MATERIALS AND METHODS

The main difference between the passive and the
active method is that the former is an integrative
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method which provides no details about the variation
of radon concentration over the measuring time,
whereas the latter is often appropriate for defining the
fluctuations of radon concentration during the mea-
surement period [5].

Despite this major property difference between
the two methods, both are commonly used for indoor
radon measurement. In order to compare them, a series
of measurements was carried out in different stations
of a uranium mine, as well as in several other closed
spaces over a month-long period in October and No-
vember 2015. The devices used in both methods were
calibrated at the National Radon Calibration Center,
prior to the experiments. The measurements were per-
formed in stations A, B, C, D, and E of the uranium
mine. Station A was a ground level office room located
in the mine area, station B the main entrance of the
mine well. C, D, and E were stations in the under-
ground mine pathways (E was deeper than C and D).
Station A was irregularly ventilated through its door or
windows (no mechanical ventilation). The under-
ground mine stations were continuously ventilated.
Apart from this, measurements were carried out in
four other spaces, including a ground floor storage
room without any windows or active ventilation (sta-
tion F), a ground floor office room (G), an under-
ground gamma calibration room (station H), and a
ground floor uranium tailing room (station I). The
gamma calibration room was equipped with a ventila-
tion fan in operation only during exposure time. None
of the normal working conditions of the rooms were
changed during the experiments. The repeatability of
each method, standard deviation of the measurements,
as well as the correlation of the mean concentration
obtained by the two methods and compliance of per-
sonal doses estimated by the said methods were evalu-
ated and compared.

Long-term measurements by the
passive method

In the passive method, the detector used in-
cluded a small piece of an alpha track detector (film)
enclosed in a diffusion chamber covered by a high effi-
ciency particulate air (HEPA) filter. The main films
used as alpha track detectors are poly allyl diglycol
carbonate (CR-39), cellulose nitrate (LR-115),
polycarbonate (Makrofol) and Lexan polycarbonate.
In this study, Lexan polycarbonate (C,cH;,0;) was
used for alpha track detection. After subtracting the
background counts, the number of tracks per unit sur-
face area (made observable through electrochemical
etching) is directly proportional to the integrated ra-
don concentration in Bgh/m?. Depending on the ex-
pected radon concentration, alpha-track detectors are
deployed for an exposure period ranging from one
month to a year. These detectors are insensitive to hu-

midity, temperature, and background beta and gamma
radiations [5]. Nonetheless, very high humidity may
form a very thin film of water on the detector surface
that stops the alpha particles.

The radon diffusing chamber used in this study is
shown in fig. 1. The chamber is a cylindrical plastic
container. The diameter, height and internal volume of
the diffusion chamber were 66.4 mm, 86.3 mm, and
249 cm’, respectively. Radon progeny products and at-
omized aerosols were prevented from entering the cup
by the glass fiber filter. The detector film was held at
the bottom of the chamber via a plastic holder (adjust-
ableup to 4 cm above the bottom). The thickness, den-
sity, and diameter of the used Lexan polycarbonate
film were, respectively, 250 p, 1.29 g/cm?®, and 3 cm.

Frothy two Lexan films techniques were used in
this study. Six films were used for background mea-
surements, the others were placed in stations A to I for
one month. In each sampling station, four detectors
were installed 1 m above the floor, at a distance of 15
cm from the wall, next to each other, in order to inves-
tigate the repeatability of the method. All detectors
were collected at the same time (after a month) and
transferred to the laboratory for processing. The elec-
trochemical etching solution used was a mixture of
15 % KOH, 40 % C,H;OH, and 45 % H,O. The etch-
ing was performed at 25 °C for 3 hours. The etching so-
lution was applied to the irradiated side of the films,
while the conductive solution, HCI 3 %, was applied to
the opposite side. Track density was converted into ra-
don concentration in Bq/m? using the calibration fac-
tor. The Lexan film was calibrated at the National
Radon Calibration Laboratory of Iran equipped with a
107.285 kBq *?°Ra source. To evaluate the back-
ground effect of the response of alpha-track detectors,
six unirradiated films from the same Lexan sheet were
developed under the same etching conditions. The

mean track count on the films was 140 track per cm?,

Figure 1. Radon diffusion chamber with
the detector
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with the standard deviation of 20.6 track per cm?. The
sensitivity of the used chamber to radon gas was 13.55
track per cm?/kBqd/m> and the minimum detection
limit (MDL) of the method for month-long measure-
ments was defined (0.127 kBg/m?). The overall error
(uncertainty) caused by different factors for single
passive measurements was 9 %.

The results below the MDL were considered to
amount to 0.5 MDL, according to the method pro-
posed by the defense threat reduction agency (DTRA)
for personal dosimetry [6]. This is a rational presump-
tion in statistical operations when calculating the mean
or cumulative dose values, due to the fact that the mea-
sured values below the MDL can neither be considered
zero nor altogether omitted from the data.

Short-term measurements by the
active method

A radon gas analyzer type AlphaGUARD
PQ2000 instrument was used in the diffusion mode to
measure radon concentrations. Radon progeny prod-
ucts and aerosol particles were prevented from enter-
ing the ionization chamber of the AlphaGUARD by a
HEPA filter (only radon-222 passes through). The sys-
tem also registered air temperature, pressure and rela-
tive humidity. Measurements lasting 30 minutes were
performed by the AlphaGUARD at installation points
of the track detectors. The measurements were re-
peated daily at all of the stations between 1 p. m. to 4
p- m. for a week. The overall error caused by different
factors for the single active measurements was 20 %.

RESULTS AND DISCUSSION

The results of passive measurements in stations
Ato I are presented in tab. 1. As is shown, all the mea-
sured concentrations by the passive method in A and B
are below the MDL. Thus, these low radon concentra-
tion stations needed longer measuring times (longer
measurement time = lower MDL). According to the
DTRA method for calculating mean radon concentra-
tions, the values below the MDL are considered to
equal 0.5 MDL. Although, when all of the detectors
are below the MDL, the standard error of their mean
(SEM) is not definable (stations A and B).

The daily readings by the active method in each
station were averaged over the weeklong measuring
period. The mean 2?’Rn activity concentrations esti-
mated by the active and passive methods with the re-
lated SEM are compared in tab. 1. As can be seen, ig-
noring A and B for which the passive results < MDL,
the mean concentrations measured by the passive
method in spaces other than the mine are much higher
than those of the active method. This could be due to
the fact that ventilation (natural or mechanical) in

those spaces was often operative only at active mea-
suring times.

The correlation coefficient between the results
obtained by the active (AlphaGUARD) and passive
(radon diffusion chamber with Lexan) methods for
222Rn mean concentration is 0.428. This value of the
correlation coefficient for the two independent data
series represents a medium linear relationship be-
tween the two indoor radon measurement methods. A
similar study in Saudi Arabia for comparing the
short-term and long-term radon measurement meth-
ods reported a correlation coefficient of 0.38 between
the two methods, with the long-term method showing
higher average concentrations [7]. In another study,
using weekly active and annually passive measure-
ments, the correlation coefficient between the active
and passive method was reported as 0.86 [8]. The high
correlation reported in the latter case is, likely, due to
the very long sampling period that is not practically
feasible in many surveys, particularly not when the ac-
tive method is concerned.

The mean radon concentrations estimated by the
active and passive methods in stations A, B, and E are
remarkably close to each other. In station C, on the
other hand, the result obtained through the passive
method is surprisingly lower than the active method
(almost down to a third). Our study revealed that the
station had been inactive during the measuring period
(no operation) and without effective ventilation at the
time. The high humidity in this station probably led to
formation of a thin layer of water on both of the cham-
bers' filters and films surfaces which, in turn, stopped
the alpha particles and affected the measurement re-
sults. The interesting finding of this study is the higher
radon concentration in the ground floor storage room
(F) and the underground gamma calibration room (H)
than in all of the underground uranium mine stations
and the uranium tailing room (I) through the passive
method. This can be explained by the presence of con-
tinuous ventilation in the mine, as opposed to the al-
most sealed indoor atmosphere of station F and occa-
sional ventilation of station H. The significant
differences between the active and passive measure-
ment results for station H can also be related to its oc-
casional ventilation that causes considerable radon
concentration variations. For stations F and I, the
much lower mean concentrations estimated through
the active method than the passive one are explainable
based on fresh air entering the room along with the ex-
aminers.

Except for station C for which the high humidity
is deemed to be responsible for the difference between
the passive and active measurement results, the two
methods have produced close results wherever the
ventilation of the space was almost constant (B, D, and
E). In contrast, in spaces with fluctuating radon con-
centrations due to the frequent opening of doors or
windows (G) or due to irregular mechanical ventila-
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Table 1. *’Rn activity concentrations measured by the passive and active methods

Passive method Active method
Station Detectors' Average concentrations and cvV Average concentrations and Measurements for cvV
readings [Bqm™] standard errors [Bqm ] standard errors [Bqm™] |repeatability check [Bqm]
<MDL
<MDL 63.5 (the standard error is not
A “MDL definable) - 59.0 £4.59 - -
<MDL
<MDL
<MDL 63.5 (the standard error is not
B <MDL definable) - 66.5 £ 8.86 - -
<MDL
145.1 350
157.4 320
+ . 2+ 34. .
C 154.9 146.3 £ 6.69 0.06 448.2 +34.33 300 0.09
127.9 323
206.6 325
228.7 341
+ . + .
D 1222 300.1 £53.77 0.06 407.0 + 88.89 138 0.36
442.8 372
238.6 336
<MDL 354
E + . + .54
3099 194.2 +£52.68 0.07 199.1 + 34.80 310 0.5
164.8 370
542 460
947 333
+ . 42 £ 62. .
F 657 764 £ 98.12 0.21 314.42 £ 62.80 435 0.26
910 293
163 128
<MDL 40
+ . + .
G 259 2444 +£91.7 0.93 117.57 £18.94 20 0.75
492 28
276 447
200 299
+ . 28 £55. .
H 611 474.7 £ 143.55 0.45 196.28 + 55.31 162 0.6
812 207
<MDL 30.63
I “MDL 87.6+24.1 0.55 21.67 £ 1.90 27.13 0.2
<MDL T ' D 20.5 '
159.9 20.63

tion (H), as well as in isolated but relatively small
spaces F and I where the entry of the examiner (for ac-
tive measurement) considerably affected indoor air
quality, the results of the two methods are very differ-
ent. In comparison with other mines, the one under
study shows a low radon concentration when com-
pared with the reported concentration of about 1800 to
above 5000 Bg/m® at some points of a phosphate mine
[9] and may be compared to a low-grade ore under-
ground mine (Jaduguda mine in India) with radon con-
centration of a few hundred Bq/m? [10].

Repeatability of active and passive methods

For comparison of the repeatability of the two
methods, measurements with AlphaGUARD were

done four consecutive times (in 1 hour cycles) at the
same points in stations C to I (the second column of
tab. 1, from the right). The readings of the set of the
four radon diffusion chambers in each station were
used to calculate the repeatability of the passive
method. The standard deviation to the mean ratio — co-
efficient of variation (CV) — of the methods was calcu-
lated using the said data. Stations A and B were ex-
cluded from this comparison, owing to their < MDL
radon concentrations in the passive approach. The CV
of the active method for C, D, and E stations were in
the range of 0.06 to 0.93, whereas for the passive
method, the CV were between 0.09 and 0.75. There-
fore, the repeatability of the passive method was better
than that of the active method. This is owing to the fact
that the passive long-term measurement is not sensi-
tive to the variation of radon concentration over the
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measuring period, while the result of the active
short-term measurement is highly dependent on the
concentration of radon at the time of grabbing.

Calculation of the effective dose based on the
results obtained by active and passive methods

The effective dose was calculated according to
eq. (1) [11].

E;, =(Cpr, x F)/ 3700 (t/170) xDCF (1)

where Ep is the effective dose [mSVy’l], Cry, — the ra-
don concentration in Bg/m’, ¢ — the expected annual
working time (2000 h per year), F' — the equilibrium
factor (0.4 for indoor), and DCF — the working level
month (WLM) to dose conversion factor (5 mSv per
WLM). One working level (WL) is any combination
of short-lived decay products of radon in a liter of air
that ultimately emits 1.3-10° MeV of alpha energy.
Based on the ICRP1994, the dose conversion factor
expresses the relationship between the effective dose
and potential alpha energy concentration of inhaled
short-lived radon decay products [12].

The results are depicted in tab. 2. According to the
calculations, the average annual radon-induced effective
dose of the mine workers (stations A to E) based on the
active method is in the range of 0.14-2.85 mSvy !,
while the one based on the passive method is between
0.4-4.58 mSvy~!. Although stations C (mine), F (the
ground floor storage room), and I (the ground floor ura-
nium tailing room) were of a very low occupancy factor
during the measurement period, their annual effective
doses were calculated for full occupation (2000 h/y) for
better comparison with the other spaces. Indeed, the ac-
tual effective doses of workers in those stations depend
on the fraction of total annual working time spent at each
station.

The action level proposed by the ICRP is in the
range of 3-10 mSv per year and the values obtained by
both active and passive methods are less than the lower
limit of this threshold for the mine. The calculated an-

Table 2. Annual effective dose calculated, based on the
results of the active and passive methods

Annual effective dose | Annual effective dose
Station based on the active | based on the passive
method [mSv] method [mSv]

A 0.37 0.40
B 0.42 0.40
C 2.85 0.87
D 2.59 1.80
E 1.26 1.23
F 1.99 4.58
G 0.74 1.17
H 1.25 2.84
I 0.14 0.55

nual effective doses are also lower than the annual occu-
pational dose limit (20 mSv averaged over a 5 year pe-
riod). Of course, these values are related only to the in-
ternal effective doses that a worker receives in the mine,
albeit the external dose should also be considered.

CONCLUSIONS

In this research paper, indoor radon concentra-
tions were measured in various closed working spaces,
including a uranium mine in autumn. Both active and
passive methods were employed and their results com-
pared. The results showed that the mean radon concen-
trations estimated by the passive method using a diffu-
sion chamber (Lexan polycarbonate films) has a
relatively low correlation (0.428) with the approxima-
tions made by the active method using AlphaGUARD.
The background variation of polycarbonate films is not
ignorable because it affects the repeatability of the pas-
sive method, especially when low and medium radon
concentrations are concerned. Our study has shown that
the coefficient of variation of the passive method is gen-
erally lower than the active method. Moreover, it sug-
gests reliance on the active method only for spaces with
minimum fluctuation in their indoor air quality, espe-
cially at the time of the active measurements. Therefore,
performing measurements by the active method for es-
timating the average indoor radon concentration is not
recommended. The results also confirm the need for
making a proper balance between the expected radon
concentration and the length of the measuring period
for the passive method. Generally, long measuring peri-
ods are highly recommended if the expected radon con-
centration is low or medium.

The estimated projected annual effective doses
received by the miners, as well as the workers in other
spaces, were calculated. It was shown that radon con-
centrations in some underground facilities were higher
than in low-grade uranium ore mines. The estimated
annual doses were lower than the recommended occu-
pational dose limits, however, seasonal variations
cannot be ignored. Radon concentrations in the stud-
ied closed spaces may be considerably different in
summer or winter, due to changes in humidity, natural
ventilation and air conditioning.
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Enxam XACAH3AJIEX, ®epunys MUAHDU, Acrap CAIUK3AIEX, ®apaar MU3AHU

INOPELEILE ITACUBHUX U AKTUBHUX METOIJA MEPEIbA PAJTOHA
PAIN NNPOLUEHE JO3E INPO®ECHOHAJHO N3JI0XKEHUX JINLIA

Kako 61 ce n3Bpiuio nopebemwe ak TMBHUX KPaTKOTPAjHUX U TACUBHUX AYTOTPAjHUX METO/IA 3
Mepeme pajioHa, CIPOBEfeHa je CTyAMja y HEKOJHUKO 3aTBOPEHUX ofjekaTa, YKibyuyjyhu u pynHuK
ypanujyma y Mpany. Kong macuBHe Merosne KopultheHH Cy UBPCTH Tpar JIETEKTOpH Ha 0as3u JieKcaH
noaukapOoOHaTa, 10K je 3a akTuBHE MeTofie KopulitheH AlphaGUARD perexTop. CTyanja je ycmepena Ha
KOpenalujy NpolelkheHe Cpefiibe KOHLEHTpalyje pajoHa y 3aTBOPEHOM IPOCTOPY ca JIMYHUM [03aMa
pajiHUKa Ha Pa3IN4YUTUM pafHUM MecTuMa. Takobe je mpoBepeHa U TOHOBIBUBOCT CBaKe MeTofe. [loraTHO
je mokaszaHo fia je KOHICHTpaIfja pajjloHa Y pasiWYdTHM JCIOBAMA PyAHUKA ypaHHjyMa ca CTAIHOM
BEHTWJIALMjOM YIOPEINBa ca KOHIEHTPALUHUjOM y MPHU3EMHUM JlabopaTopujaMa min Maranuauma (6e3
CTaJIHE BEHTWJIANUje) U HUKa Off KOHIICHTpanuje y JabopaToprjaMa HCIOf IOBPIIIHE 3eMJIbE.

Kmyune peuu: akiiusHo meperve, AlphaGUARD, ilacusno meperse, padoH, 48pciliu ilipaz 0ettieKiiop



