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Abstract

The Jacobi room model was applied to study the relative contributions from the unattached and attached fractions to
the implanted activity of1%o. It was found that under normal conditions, about 85% of the implantation was due to the
unattached fraction. Sensitivity analysis was performed to identify the most important factors that influence the deposition and
implantation of radon progeny. The main factors affecting the incorporatidh%fo are the attachment rate, deposition rate
of unattached progeny and the surface to volume ratio of the room. The calibration curves, which reIéﬂQerm:tivity
per unit surface area to the concentrationd%Rn and of the radon progeny, were determined as functions of exposure times.
The implanted activity is found to distribute close to a lognormal distribution. For an exposure of 20 years, the distribution
has a geometric standard deviation of 2.2 and a geometric meaD2¥ Bo/mz/(Bq/m3). The last value is considered as the
calibration coefficient of the glass response in terms of the impIa’HﬁRb activity per unit surface area per unit concentration
of 222Rn for an exposure period of 20 years.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction and Yu, 2005), the total cumulative exposure is needed, so
measurements performed for a few months might not be rep-
Methods for long-term passive radon measurements basedresentative. As a possible solution to this problem, retrospec-
on nuclear track detectors have been very well established tive dosimetry based on measurement$ o activity in
and widely used. A survey of existing techniques has been objects was proposed. Atoms of short-liv&FRn progeny,
given by Nikolaev and llic (1999)and Nikezic and Yu  namely,2¥8Po214pp, 2148 and 214Po, can deposit on in-
(2004). Although these are classified as long-term measure- ternal surfaces of a room. Due to the recoil aftedecays
ment methods, the duration of measurements usually rangeof the?28Po and24Po nuclides, some of the newly formed
between a few months to one year and are still too short atoms ¢14Pb and?1%b) can be incorporated into the sur-
compared to the average lifespan of a person. For risk esti- face. The activity of the long-lived'%Pb (7, = 22.3 y)
mation for a person (e.gBochicchio et al., 2003; Nikezit accumulated in a surface increases with the time of expo-
- sure. The activity of the second successot’@Pb, which is

* Corresponding author: Tel. +852 27887812; 210pg and isx-particle emitting, can be determined through
fax: +852 27887830. o measurements.
E-mail addresspeter.yu@cityu.edu.hk.N. Yu). Methods were developed for determining the retrospec-
10n leave from Faculty of Science, University of Kragujevac, tive 222Rn exposure based on measurements oo
Serbia and Monte Negro. activity in an object by using various techniques.edctivity
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measurements (Lively and Ney, 1987; Samuelsson, 1988; 0.45 —— ——— R :

Mahaffey et al., 1993 Samuelsson and Johansson, 1994; o4} ]
McLaughlin, 1998). It was established that thectivity Unattached

of 210pg is related to the cumulativ@2Rn exposure. Vari- 0351

ous glass objects were found to be useful for this purpose. 080F )\ =sont 1
The influence of dust on the implantation of rec®#Rn 025F Al=20ht :
progeny atoms was studied Bghansson et al. (1994 00s 020 Ad=020h* .
and Whitlow (2003)analyzed the depth distribution of the o5 | )

implanted activity in order to obtain information about fac-
tors that affect the implantation of radon progeny into glass.
By comparing the experimental and calculated distributions,

Deposition flux x S/V (atoms/m3s)

0.05 1

they showed that diffusion of implanted atoms and clean- 0.0 0',2 0'_4 ol_e o_lg 1.0 1'_2 14 1'_6 1'_8 20

ing did not significantly affect the total activity 82%Po or Ventilation rate (h%)

its depth distribution. A review of the retrospective radon

dosimetry has been given Iyikezic and Yu (2004). Fig. 1. Variation of the deposition flux of the unattached and at-

The objective of this paper is to investigate the influence of tached progeny with the ventilation rate.
different room parameters on the amount of implanted radon
progeny in an object such as a glass object. The average
calibration coefficient, which relates the implantétPPo
activity to the exposure to radon or to radon progeny, will 4 (f 1+ pi-1f2 ) 9
be determined from calculations. fi= di+ v +lat+iy @)

Sensitivity analysis of the implante#!9Po activity on
different parameters will also be carried out in this pa- 5 Jaff! + (A= pi—DAi f2 4
per. A similar analysis was performed earlierWgalsh and i Ji 4+ v+ ,13
McLaughlin (2001)ut with somewhat different methodolo- _ .
gies and different ranges of used parameters. A comparisonWhere f;' and f2 are the ratios of the activity concentra-

between our results with their results will be given in the tions of the unattached progeny and attached progeny, re-
discussions. spectively, to that of radonjy is the ventilation rate and

Ja is the attachment raté\(hgarou et al., 2003). The recoil
factor p;_1 was taken as 0.83 afterdecay and O aftef

were used:

, ®3)

decay.
2. Contributions to the implanted activity from the Although the parameters mentioned above have typical
unattached and attached fractions values, they have rather wide ranges. To estimate the relative

contributions from the unattached and attached fractions,

NikeziC and Yu (1999, 2000jerived the formula for the  the following approach was used. All parameters were kept

total deposition flux,ot, defined as the total number of gt their typical values except one that was varied within

radon progeny atoms deposited onto a unit surface area injts own range. The radon concentration was taken to be
a unit time (given immumber of deposited atoms/%m)) as 1 Bq/m3. Through Egs. (2) and (3), the ratig’$’ and fia

were calculated and the contributions from the unattached

14 Ay AL AR fraction
rtot:r1+r2+r3=—|:)~3<—l 72_,_73) '
S }.l 1.2 A3 A% Ag Ag
AZ AZ A% g (— + ==+ .—)
+2§<41+~—2+h—3>] 1) A\ 2 s
A1 A2 A3

and from the attached fraction,
wherer; is deposition flux for theth progeny (i=1,2,3 A2 A2 4@
for 218Po214ph and?1Bi, respectively),2§y and /3 are 7 (Tl Tz T3>
deposition rates of the unattached and attached progeny, 1 2 3
V/Sis the volume to surface ratio of a roori}, are decay ~ were then determined.
constants andi; are activity concentrations of progeny in In Fig. 1, the results are given for variable ventilation
Bq/m3. The first term in the square brackets represents the rates. The ventilation rate was varied from 0.1 to=2h
contribution from the unattached fraction and the second Wwhile the other parameters were kept at their typical values
term represents the contribution from the attached fraction. as shown irFig. 1. One can see that the contribution from
To estimate the relative contributions from the unattached the unattached fraction is significantly larger than that from
and attached fractions, a small computer program based the attached fraction. If all parameters are kept at their best
on the Jacobi room model (Jacobi, 1972) was written estimates, deposition of the unattached fraction was domi-
and run. The following equations for the Jacobi model nantover a wide range of ventilation rates.
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tached progeny with the attachment rate.

tached progeny with the deposition rate of the unattached progeny.

depend on the characteristics of air movement inside the

0.9 — T — T
Zosl room. In this way, if one deposition velocity increases, the
% ' other would probably increase as well.
EO07r Unattached From the previous results, it is noted that the contribution
§0.6 - A =1h? ] from the unattached fraction to the total deposition flux is
505} A, =50 h't - much larger than that from the attached fraction, except only
g o4l A2 =020 h? in some extreme cases. As a conclusion of this section, the
=S | activity of 210Po implanted in objects, e.g., glass, is mainly
S due to deposition of the unattached fraction. If all parameters
go2r 1 are kept at their best estimates &0.55 01, ja=50h"1,
doaf Attached . 24 =20h"1 and 3 =0.2h~1), the contributions are about
0.0 S T —E— 85% from the unattached progeny and about 15% from the
0 10 20 30 40 50 60 70 80 90 100

Deposition rate of unattached fraction (h%)

Fig. 3. Variation of the deposition flux of the unattached and at-

attached progeny.

tached progeny with the deposition rate of the unattached progeny. 3. Total activity of 210Po

In Fig. 2, the dependence of the deposition flux on the
attachment rate is given. Again the contribution is larger

3.1. Activity ratio betwee”9Po”10ph

The total activity,As, of 219Pb implanted in an object is
given as

from the unattached progeny than from the attached progeny.
With increasing attachment rate, the contributions get closer r+rp+r3
to each other. At larger attachment rates, the unattached As = - 2
fraction decreases and the attached fraction increases, and

contributions to the deposition flux follow this trend. Larger where /5 is the half-life 0f210pp (Nikezi€¢ and Yu, 1999,
attachment rates are expected for “dusty” atmospheres with 2000). The index 5 is used becafd€Pb is the fifth mem-
larger aerosol concentrations. ber of the decay chain aftéf2Rn. If equilibrium is estab-

(1—e ), (4)

In Fig. 3, the dependence of the deposition flux on the de-
position rate of unattached progeny is given. Again, the con-
tribution from the unattached fraction is much larger than
that for attached fraction, except for very small values of
)Vg. With the increase in the deposition rate of the attached
progeny (seerig. 4), the difference between the contribu-

lished, the activityA7 of the seventh-radon progerf-°Po,

is equal toAs. For shorter exposure time, equilibrium is not
established and the full system of differential equations that
describes the growth of implanted progeny in glass has to be
solved. The variation of the numbeé¥g, of atoms per unit
surface area of the sixth-radon progefBi, with time is

tions from the unattached and attached fractions becomesgiven by the equation

smaller. However, it is not very reasonable to assume that

only one deposition rate will increase, while the other will
be constant as is the case feig. 4. Deposition velocities

dNg

= J5N5 — AN,
ar 55 — 46/V6

Q)
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Fig. 5. Activity ratio betweerf1%Po/210Ph as a function of expo-
sure time in an object.

with the solution of
efﬂ.et _ ef)yst
P + .
e — /5

Variation of the number of atomsy7, of 219Po with time
is given by the differential equation

1—e" et
6

ot

N
6=

(6)

dny
—— = gNg — A7N
dr 6/V6 7NT

with a rather complicated solution as

|

7),71 _ 7/16t 1
e -e™) L o@—ety |,
(A7 —78) A7

@)

;‘6(6_/171 _ e—/l5t)
(46 — 25) (47 — A5)

/16(9_/1@ _ e—/lﬂ)
(46 — 75) (47 — Ap)

_ TtotAy

A7 =
=73

®)

Eqs. (4) and (8) were used to calculate the activities-8Po

and 219 implanted in glass. The variation of the activ-
ity ratio between?1%Po and?19ph with time is shown in
Fig. 5. FromFig. 5, we observe that about 6 years of ex-
posure is needed to establish a 90% equilibrium between
210pg and?1%p implanted in the glass object.

3.2. Sensitivity of implante&%o activity to different
room parameters

To identify the most important factor affecting the accu-
mulation of219Pb and?19Po, the following approach was
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value (A1") of A7, i.e.,

max

S = A7 -
min ’

V A7

The s values for various Jacobi room model parameters are
given inTable 1, which are obtained for the activity%?fOPo
implanted on a unit surface area of an object per 8%

of 222Rn, i.e., (Bq of21%Po/mA)/(Bq of 222Rn/mB), for

an exposure of 20 years. Three valuesAaf are given in
Table 1for each parameter, namely, for the minimum, typ-
ical and maximum values of the parameter. The sensitivity
factors are given in the last column d&ble 1. The ranges

of parameters and their typical values usedable 1fol-
lowed those used bfxmgarou et al. (2003).

Surprisingly, the largest of 2.04 was obtained for the at-
tachment rate. This may be a consequence of the very wide
range for this parameter. A somewhat smati¢i.81) was
obtained for the deposition rate for the unattached fraction.
The incorporated activity was less influenced by the depo-
sition rate of the attached progeny, whereias 1.26. The
smallests occurs for the ventilation rate. This can be ex-
plained as follows. The present results were given for a unit
222Rn activity. While the radon gas activity is strongly in-
fluenced by ventilation, the ratio of radon progeny to radon
concentration is not. Therefore, the deposition flux and con-
sequentlyA for a constant radon concentration is not in-
fluenced significantly by ventilation. THe"9Po activity is
directly proportional tov/S, i.e., the volume to surface ra-
tio of a room. By increasiny/S(or equivalently decreasing
SN which is shown in Table 1), a relatively smaller surface
area is available for deposition, which will increase the de-
position and incorporated activity per unit surface area.

©)

3.3. Distribution of implanted activity and calibration
curve for222Rn exposure

In this section, we would like to study the case when all
the parameters for the Jacobi room model were changed si-
multaneously and randomly between the minimum and max-
imum values given ifTable 1. Uniform distributions of the
parameters were assumed because there was no better infor-
mation available. For each combination of parameters, the
implanted activity 0f22%p0 was calculated assuming that
the 222Rn concentration is 1 Bgn3 and that exposure lasts
20 years. The implanted activities were sorted into 100 in-
tervals to give a frequency distribution, the frequencies of
which were further divided with the total number of cases
(which was 4x 108 in our calculations) to give the proba-

used. The radon concentration was taken as a constant anddility distribution. The probability values in the probability

equal to 1qu3, while other parameters of the Jacobi
model were changed within their typical ranges andwas
calculated for a unit radon concentration for an exposure
period of 20 years.

The sensitivity factors, is defined as the square root of
the ratio between the largest valuef{#) and the smallest

distribution were then divided by the width of the intervals
to give the distribution density as shownHig. 6.

Although the parameters had wide ranges of values,
the obtained distribution of implantedPo was rela-
tively sharp. The maximal value is aboutl®qg/m? of
210pg for an irradiation of 20 years to 1 Bg3 of 222Rn
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Table 1
Variations of the implantealoPo activities (4) as the Jacobi room model parameters change among the minimum, typical and maximum
values, and the obtained sensitivity factors

Amax
Parameter/activity Minimum value Typical value Maximum value 7mm
A7
Ja(h™1) 5 50 500
A7(Bg/m?)/(Bg/m3) 0.05 0.028 0.012 2.04
24(h™h 5 20 110
A7(Bg/m?)/(Bg/m3) 0.015 0.028 0.049 1.81
S/v(m™1 2 4 6
A7(Bg/m2)/(Bg/m?3) 0.056 0. 028 0.019 1.72
281 0.05 0.2 1.1
A7(Bg/m?)/(Bg/m3) 0.025 0.028 0.040 1.26
Jv(h™1 0.1 0.55 2
A7(Bg/m?)/(Bg/m3) 0.030 0.028 0.025 1.10
35 — . . . . . . 0.035 . . . . . .
30} - % 0.030 - 4
5
251 - L 0025} i
£
S 20} _ @ 0.020 | .
2 o
= 5] _ & 0015 .
a 5
10k i £ o010 F 1
8
Q.
5L i £ 0.005 - -
. . . . . . 0.000 5 510 15 20 25 30 35

0.00 0.02 0.04 0.06 0.08 0.10 0.12 )
Exposure periods (years)
Implanted ?'°Po activity (Bg/m?)/(Bg/m®)
Fig. 7. Calibration curve showing the relationship between the
activity of implanted?%Po (in Boym?2) per unit activity 0f222Rn
(Bg/m3) as a function of the exposure period.

Fig. 6. Distribution of the implanted'%Po activity when all the
parameters in the Jacobi room model are changed simultaneously
and randomly between the minimum and maximum values, assum-
ing uniform distributions of the parameters.

(largest x value). The distribution has a maximum at it is difficult to find an object that is exposed for exactly
A7=0.023 Bg/m? of 210Po but the average value is shifted 20 years. In order to determine the calibration coefficient
to 0.032Bg/m? because the distribution has a tail on the for other exposure periods, the previous procedures were
right side. The curve shown iRig. 6 is very close to a  repeated with steps of 1 year and the results are given as
lognormal distribution. Fitting the data #ig. 6 according a calibration curve irFig. 7. The calibration coefficient for

to a lognormal distribution gave a geometric standard devi- the exposure of 1 year, obtained by simultaneous varying of
ation og of 2.02 and a geometric mean of 0.023 (B¢f of all parameters was 0.00086 (Bg?2)/(Bg/m3).

210p)/(Baym3 of 222Rn). The range from 0.011 to 0.046 If typical values were adopted for all parameters of
Bg/m?2, obtained from (0.023/2.02) and .(23 x 2.02) the model and exposure time was 1 year, the implanted
Bq/mz, then covers about 68% of the cases. 210pg activity calculated by our program was 0.00086

The value of 0.023 (Bgm? of 210po)/(Boym3 of 222Rn) (Bg/m?)/(Bg/m3). Walsh and McLaughlin (2001)b-
can be considered as a calibration coefficient. However, this tained about @5Bg/m? of 210Po for an exposure of
result is valid only for an exposure of 20 years. In practice, 500 Bo/m3 for 1 year, which would lead to a corresponding
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Fig. 8. Distribution of implantec?1%Po activity per unit radon
progeny concentration (PAEC in mWL) for an exposure of 20
years.

value of 0.0009 (Bgm?2)/(Bg/m3). Although the adopted
distributions have been different (i.e., a lognormal distribu-
tion used byWalsh and McLaughlin (20013nd a uniform
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Fig. 9. Calibration curve showing the relationship between the
activity of implanted?1%o (in Boym?) per unit potential: energy
concentration (PAEC in WL) as a function of the exposure period.

two methods to analyze the importance of the various pa-
rameters in the Jacobi room model. In the first approach,
one parameter was varied within a realistic range of values,

distribution in the present work), and the considered ranges and all other parameters were kept at their typical values. In
of the parameters have not been the same, the obtainedthe second approach, they applied the Monte Carlo method

results are close to each other.

3.4. Calibration curve for progeny exposure

to determine the distribution of the model output by simul-
taneously changing all parameters. The output from their
calculations was theadon concentratiorobtained from the
210pg activity on an object, and the variability factor was

The procedures related to radon exposure described in defined in terms of the radon concentration. In summary,

the previous section were repeated for radon progeny con-

centrations, which were expressed through the potential
energy concentration (PAEC), which is the sum of the at-

tached and the unattached fractions. The PAEC is usually

expressed with the traditional unit working level (WL). The
results obtained for an exposure of 20 years are given in
Fig. 8.

The distribution inFig. 8is much more skewed than pre-
vious one. A very sharp peak occurs aB Bq/mz/m WL.
The distribution falls quickly as the implanted activity is
close to zero, but there is a long tail towards larger values of
implanted activities. Fitting the data Fig. 8 according to
the lognormal distribution gave a geometric standard devia-
tion og = 2.2 and a geometric mean ofaB Bg/m?/m WL.
The average value was8Y Bo/m2/m WL.

their results answered the question how different parameters
affect the estimated radon concentration from the known
210pg activity on an object.

In our approach described in the present paper, we as-
sumed a constant radon concentration and the output was
the implanted?1%Po activity, A7, and the sensitivity factor
was expressed throughy. In summary, the present work
attempted to answer the question how different parame-
ters affect the implanted activity #0%o. In essence, the
present approach is opposite to that of Walsh and McLaugh-
lin (2004). Nevertheless, both approaches enable determi-
nation of the calibration coefficient.

In addition, there are differences in the parameters used
in the two analysesWalsh and McLaughlin (2001yar-
ied the aerosol concentration and deposition velocities of

The procedures were then repeated for different exposure unattached and attached progeny while we varied the attach-
periods and the geometric mean values are presented jnment rate and the deposition rate instead. Furthermore, we

Fig. 9 as a function of time. It is noted that both the cali-

identified the deposition rate of unattached progeny as the

bration curves for radon and for radon progeny are close to Most critical parameter whil/alsh and McLaughlin (2001)
linear. However, both curves show a slower increasing rate found the unattached deposition velocity as the most impor-

at longer exposure time, which is due to the deca$'8pPb.

4., Discussion and conclusions

Sensitivity analyses were performed earlieMigish and
McLaughlin (2001).Walsh and McLaughlin (2001ysed

tant one. These two findings are in fact commensurate with
each other because the deposited fraction is proportional to
the deposition velocity. The ranges of other parameters used
in the two works (given here ifiable 1) are similar but not
exactly the same.

Both works, Walsh and McLaughlin (2001pnd the
present one, found that the parameter with the smallest
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influence on the method was the ventilation rate. Slightly increasing rate at longer exposure time due to the decay
different ranges and typical values for the ventilation of 210pp.

rate were used, vizWalsh and McLaughlin (2001)sed

0.2-1.5h1 with a typical value of 0.5, and we used

0.1-2h 1 with a typical 055 h~1. Acknowledgements
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