


















































































































































Figure 4-2: Set-up to measure the diffusion coefficient. The accumulation jar contains three
S-chambers and a source. A microporous material covers the jar instead of the usual lid.

4.5 The determination of the Diffusion coefficient using a source

of known activity

Consider now a diffusion experiment (which will be described in more detail in section 5.7)
where the accumulation jar opening is covered with a material of which the diffusion coefficient
is to be measured (see Fig. 4-2). In this problem, we first determine the average concentration
of radon in the laboratory in which all diffusion experiments were performed. The average
concentration was found to be 40 Bq.m™3. This value will be treated as being the radon

concentration outside the accumulation jar, which was described in section 3.4.
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4.5.1 Time independent solution

The derivation that follows assumes that we can use Fick’s first law, i.e. a steady state exists.
This is only correct once a steady state has been established, but it does give more insight into
the problem than the time dependent solution which will be discussed later in section 4.5.2.

If we let C; be the activity concentration inside the jar and Cs be the concentration outside

the jar, then

_ Al
 Viar

o) (4.7)

where A(t) is the radon activity in the jar at time t and Vjan is the volume of the jar.
Now, from Fick’s first law, the activity diffusing through the material enclosure, Q, is given

by,

Q=Ja= Da%g— (4.8)

where a is the area of the effective opening of the jar, Az is the thickness of the material
used, D is the diffusion coefficient and AC is Cy- Cy, the change in activity concentration
between the inside and outside of the jar.

The activity, A gy, is the number of 222Ry atoms decaying in a second and is given by,

Apn = ArnN (49)

where Agy is the decay constant of 222R1 which has a value of 2.10 x 1078s~! and N is the

number of radon atoms at any given time. The activity concentration outside is

Apn
Cy = ‘—/B— ~ 40Bgm ™3 = constant (4.10)

out
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Now, we define C(t) to be the radon activity concentration in the jar at any time t, so that

AC = ApnSALIV — QAL)V — AgaC AL

(4.11)

where S is the source strength in Bq. The first term in equation (4.11) describes the creation

of new radon atoms by the source, the second term describes the loss of radon atoms by diffusion

and the third term the usual loss by radioactive decay.

Substituting for Q from equation (4.8), we get
AC = NSOV =22 (O — Co) = ApnC It
= ARn VAz 1 v Rn -

Using equations (4.7) and (4.10) in the above, we get

Da
AC = Apn SOV — N (C(t) — 40) At — AgaC AL
From equation (4.13), we get
L S'— BC
dt

where §' = 2:40 + AS/V and B = £ + Ap, where D' = 22

(4.12)

(4.13)

(4.14)

For practical purposes the activity of the source is constant, so that this equation after

rearrangement and integrating becomes
ac
—— = [ dl
/ S'— BC /

After integrating and assuming C = Cp = 0 at t =0,
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we get

SI

Cct) = - e BY (4.16)
Cr(t) = % [1 () ‘} (4.17)

which gives the concentration of 222Rn atoms as a function of time.
We can arrive at the average activity concentration, Cq1, of ?22Rn inside the jar by using

the fact that it is given by the average activity concentration, that is

C(t)dt
— / i (4.18)

which is

Cal = BL} OT [1 5 6_BT] dt
_ s/ —-Bt T
T BT [t+ B ]o

= i [+ (e = 1)
S

and after substituting for B, we obtain the final expression for the average concentration in

the jar:

4
” SV [1 |14 e~ (D'HAVT/V _ 1}} (4.19)

oW N T vt

Let us look at what happens to the expression if we assume C = Cp at t = 0. In practice
Cp will correspond to the constant outside concentration Ca.

We start with equation (4.15) and integrate from C = Cy to C and from t = 0 to t.
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fCo S’ fO dt
—+[n (8" — BC)]C0 =t
In g:gg)) = —-Bt
S" — BC = (8' — BCp)eBt
c=5_ (% —C’o) e~ Bt

and finally
/
C(t) = Coe™ P 4 % (1—eBY (4.20)

From equation (4.20) we can work out the average radon activity concentration, Cai, in the

jar:

={P Jy e Blat + 5 [T(1 — e=P)ay}
= %[_ge—m]g‘ + 2 = [1 + B—T(e—BT — 1)]
B [T § 4 g 5T -

B
=75 (5 -Go) (7 - 1) +

If we substitute for S'and B in the above equation we get, for the average radon activity

concentration in the jar

1 (AS + D/40) @y AS + 40D/
Cu = e steini A LRDAT) 5 L i iek 00 2
al (D'/V+,\)T[ D FAV C"] [6 Z I}J“ D+ AV (421)

Equation (4.21) gives the final form for the average radon concentration in the jar, if we do
not ignore the radon already inside the jar at time t =0,
Fig. 4-3 shows the value of the activity concentration as a function of time in the jar for

different D’ values, varying between 0 and 8 x1078 571 a5 calculated from eq. (4.20).
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Figure 4-3: The build-up of radon in the jar (Bgm™2) for different values of the diffusion
constant (m2s~!) for a 30 Bq Ra source as calculated from eq. (4.20).

4.5.2 Time dependent Diffusion calculation.

The discussion in the previous section treated the problem of diffusion from the jar in a time
independent way. In this section the full time dependent solution will be found. The solution
follows the method used in [Van98] based on the methods in [Cra75]. The result shows that
the discussion above is accurate for the dimensions used in this experiment and much easier for
understanding the diffusion.

Fig. 4-2 shows a jar of volume 4 litre, normally used with the NIST/PERE system to
be used as a radon chamber. The jar contains a source of radon(shown) and will contain
some radon measurement system, E-Perm’s in our case which will measure the average radon
concentration over a period. From this average concentration, we wish to calculate the diffusion
from the chamber and hence the diffusion coefficient.

Assume that the diffusion of the radon is given by the one-dimensional diffusion equation:

2
oc _ 0870 —XC (4.22)
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This is the usual diffusion equation with a term to account for the decay of the radon.

Make the following assumptions.:

1. The concentration on the outside is constant = 0. Actually, it will be some small value

Cs, but this is an unnecessary complication.

2. Equilibration in the chamber is so fast that we can assume that the concentration is the
same everywhere inside. This leads to a boundary condition which links the flux at 2 =0

to the concentration inside.
We wish to calculate the diffusion through the material which we approximate as a one-
dimensional system with a z-axis chosen perpendicular to the surface through which dif-

fusion occurs with z = 0 at the bottom of the material and 2z =d at the top.

Boundary conditions follow from the above assumptions:

At z=d
C=Cy~0 (4.23)
At z=0
oC AoC
E—Dv—é—;—)\C—f—S/V (4.24)
where

V = the volume of the jar
A = the area of the material on the top of the jar.
S = the strength of the source inside the jar.

This boundary condition follows from the diffusion equation where the second term becomes

a first derivative when using the fact that there is no diffusion through the bottom of the jar.

the last term needs to be added since there is now a source in the jar which creates an activity

concentration of S Bq.

Take Laplace transforms of the three equations:
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=D—— — 4.
pC =D P AC (4.25)
— AdC S
pC DV - MC + 7 at z=0 (4.26)
C=0 atz=d (4.27)

The solution of the first of the three equations is
C = Fcoskz+ Gsinkz (4.28)

where k = \/—(—’%—)‘). Note that this uses the fact yet to be determined that p (the

parameter in the Laplace transform) will be mostly negative.
We now need to find the constants, F and G, by using the boundary conditions:

From equation (4.22) we find that at z =d

Fcoskd+ Gsinkd =0 (4.29)
.G = —Fcotkd (4.30)
and at 2 =10
- o Ao ww S
2 FEEY WL A 4.31
pC DVE)z A0+pv at z2=0 (4.31)
A S
F=D-—Gk—AF+ — at =0 4.32
P DVG A +pV at =z (4.32)
Eliminate G :
F = —DékFcotkd—)\F—{——S— at z=0 (4.33)
pt = % % = .
F{p+ Dokcotkd + A} S at z=0 (4.34)
. - —_ — a = .
- F{p v o
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Therefore

S

F = 4.35
pV{p+ D&kcotkd+ A} (4.35)
or
S
F = 4.36
pV{D&kcot kd — Dk?} (4.36)
Therefore
C= AS [cos kz — cot kdsin kz) (4.37)
pV{p+ DHkcotkd + A}
The inverse Laplace transform can now be obtained in the usual way [CraT75]
Gl Zf(an)/g'(an) et (4.38)
n=1

where the a,,’s are the roots of g(p) = 0, where g(p) is the denominator and f(p) the

numerator of C.

The roots are p; = 0 and solutions of {p+ Dékcotkd + A} = 0.

Replace from eq. for k = —@%Al -

2 A

—Dk* + ka cotkd =0 (4.39)
KV

Yeotkdr= —= 4.40
cotkd =7 (4.40)
ed = — (4.41
or tank W (4.41)

The roots of this equation tend to the values where cot — 0o but these make the numerical
method tricky to find the zeros since the function is changing so rapidly. It is therefore easier

to use the equation in the form:

tank,d = A/(k.V)
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where n = 2,3,4...
We can now find C as follows:

First find ¢’: Remember that p, = —Dk2 — ),

therefore
k1
dp 2Dk
and
A
=pVi{ip+ kacot kd+ X}
Therefore
dg A Ad
ot =% V{1 — tkd + ———
R L 0 ST —— T i
pA pAd
= DAkcotkd + X V————— t kd
g =pV+ co +AV +p ZACO +2$1n2kd
but at the zeros we have that cot kd = — and = cot? +1

pAd
g =pV + DEEV + XV +pV — ka+ S~ (cot? kd + 1)

T A3 2 pAd KV
..g—ZpV+DkV+)\V+ 3 (A2 +1)
But p+ A= —Dk?
. pAd k2v?
g = pV — +1)

Thus

coskz — . sinkz DK%t~
C= {p1term}+z 1 pAd(,ﬁsz +1)e to— At

For the p; = 0 term:

o1

(4.42)

(4.43)

(4.44)

(4.45)

(4.46)

(4.47)

(4.48)

(4.49)



pA pAd
! DA kd+ AV — —cot kd 4.50
g (p) = pV + DAkcotkd + AV +pV T +2sin2kd (4.50)
At p =0, this equals:
g'(O) = +DAky cot kid + AV (451)
since k1 = —% at p=20
S coskjz — cot kidsink;z 2, cosknz — %‘i sinknz _pr2; _xt
L C== e Hhrale 4.52
vl DAk, cot kad + A g ] (4.52)

nAd k V2
n=2 zpn ~+ L_( 1)

where n = 2,3,4...and kf = —\/D

The functions in the first term becomes hyperbolic functions due to the fact that kjis

imaginary.
Thus
s C= S [Cosh A/ Dz — coth V/A/Ddsinh ky 2 }o:o: — kAV g e~ DiteM] (4.53)
1% DA /)\/Dcoth\/)\/Dd-i—)\ =2 2pn+w(k - )

(using sin iz = isinh z and cosiz = coshz etc.)
We need to look at the first two terms. The n = 2 term dominates the rest due to the

denominator becoming larger and larger and the numerator has a maximum value.

The n = 2 term is found from the solution of tan kod = A/(k2V)

Since d is very small (107%m) and A/V =72 x 107*m?/4.7 x 10~*m? = 1.531 9m~!
Numerical calculation shows that ke 22 122 m~and therefore kod = 0.012.

Hence kd is small and tan kd & kd.

Thus k% = —(p2 + A)/D = & or
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DA 1 DA 1.
p2—_—v.—d‘—>\-——v{'—d‘+>\‘/}——v{D +)\V}

in the notation of the previous section.

(4.54)

For comparison to the time independent solution, we should compare this expression at

2 = 0 with equation (4.16), since the concentration in the jar is the same everywhere from our

assumptions.

From the above good approximations, we get:

S 1
cO,t) = = n
(0.1 V[P‘TA 2/D coth \/A/Dd + A
1 DA
exp(——— = A)t]
sp2 + %y (da + 1) —
S 1 1 DA
= V[DA + MGXP(—Vd
LA /X/Dcoth\/A/Dd+X  pa+ 55
b E[__l__+_1_e (_%_A)]__L
= VDA, Y Vd DV

Vd

7~ MY

(4.55)
(4.56)

(4.57)

- exp(——‘/% - A)t] (4.58)

if we use coth z ~ 1 /z when = is small, substitution of p» and using D' = DA/d. Inspection

shows that this equation is identical to 4.18. Hence the result obtained using 4.18 is perfectly

acceptable.
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Chapter 5

Experimental Methods and Results

for Radon Experiments.

5.1 Introduction

The purpose of this study is to evaluate E-PERMs for personal dosimetry in the mines. We
needed to perform several different experiments such as to check ways to keep the E-PERM
detectors dry in wet conditions.

In this chapter we describe the experiments that were performed to check on the accuracy
of E-PERMs, their use under different conditions and experiments on diffusion.

The following experiments will be described :

1) Use of E-PERMs to measure ?22Rn levels in the laboratory.

2) Check on their accuracy in a calibration jar and comparison with RGMs.

3) Calibration check at the CSIR Radon chamber.
4) Experiment at the CSIR to check on L-chambers, including their response time.
5) Diffusion experiments.

6) Response time experiments.

In any radiation study it is vital that the background radiation be considered so that the
values of the radiation being measured is measured accurately. This is why it is important

that the radon levels in the laboratory be known and compared to the radon and gamma, levels
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that are accumulated during the experiments to see the extent of their influence on the actual
measurements. This background radiation, if it is significant, will then be subtracted when

doing the calculations.

5.2 Experiments to determine the average radon concentra-

tions in the laboratory

For this study the standard ”S” chambers which are described in chapter 3 were used. These
chambers were used with short term (ST) electrets and the combination is called SST meaning
an ”S” chamber and a short term electret. This combination was used because it can measure
an integrated radon concentration as low as 300Bq.m~3.day, meaning a shorter time interval
was sufficient for collection. The high sensitivity of the SST means that a short exposure time
will be able to give a large enough signal to give good sensitivity.

These electrets were read for the initial voltage before the start of each experiment using the
Surface Potential Electret Reader (SPER-1). The initial voltage readings were then recorded.
The electrets would be screwed onto the ”?S” chambers and the on/off switch would be set to
the on position. Three detectors would be strategically deployed at different positions apart
from one another. The reason for this is that radon is not necessarily uniform throughout the
laboratory so that the three would give a fair representation of the average radon concentration.

The start time and the temperature of the room was recorded.

The laboratory does not house very strong sources of radon except for the 30 and 5 Bq ?*Ra
sources which in most instances were in use in the accumulation jar for other experiments. The
volume of the laboratory is so large (~ 180m?) that these sources make a very small contribution
to the radon concentration in the laboratory.

The process was repeated for different number of collection times to confirm the consistency
of the E-PERM detectors. After a calculated collection period, the experiment would be stopped
and the detectors read for the final voltages using the electret voltage reader. Calculations for
the integrated 222Rn concentration were done either immediately or at a later stage depending
on whether a value was needed immediately or not. The electrets are then screwed back to

their cover lids for use later in other experiments.
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5.2.1 Results of the Laboratory Measurements

In this section the procedure for calculating the radon concentration is shown for one particular
experiment and the results for other experiments are given in a table because the same procedure
is used.

In an experiment to measure radon in the room using the SST arrangement, the initial
voltage reading, Vjy, was 236 V, the final voltage reading, Vp, was 209 V and the time of
accumulation, T4 was 7 days. To calculate the radon concentration the procedure below is
used.

We first calculate the calibration factor, C.F, using the formula below [Rad94]:

(5.1)

C.F. = 1.60776 + 0.0005742 x <V—’iﬁ>

9

which will only apply to the SST arrangement.

We then calculate the radon concentration using the formula below:

Craf(in Bgm™?) =37 x [(%) —0.87] (5.2)

where 0.87 is the gamma background correction which is only applicable to the SST arrange-
ment, T 4 is always in units of days and Cgy, is the radon concentration in units of Bq.m™3. The
gamma background value is based on the default value of 10 uR, which has been used because
experiments in the laboratory have shown this to be a reasonable value for the laboratory that
was used. In experiments where the source is used in a jar, the radon concentrations are so
high that the gamma correction becomes negligible.

In the above example, the Calibration Factor is found to be 1.8255 and Cry, = 45.4 Bq.m™3.

Experimental results for radon in the laboratory are given in Table 5-1.
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Table 5-1 Experimental Results for radon concentration in the room.

No of days | Vin | Vyina | concentration in Bq.m™3
4.0 208 | 195 34 +4
7.06 236 | 209 45 + 4
8 273 | 242 45+ 4
34 687 | 533 50 £5
Weighted Average 43+7

The uncertainties in Table 5-1 represent one standard deviation which includes the uncer-
tainty in the initial and final voltages (1V) and the systematic uncertainty in the manufacturing
process (estimated at 5%)

The results shown in Table 5-1 show that the concentration in the laboratory does not exceed
50 Bq.m™3. Although these results do not show any correlation between the number of days of
exposure and the radon concentration, they do show that the radon in the laboratory is in the
range of 30-50 Bq.m™3. This discrepancy may be due to changing conditions in the laboratory,
like at times all windows are either closed or open. When windows are open radon will escape
and the concentration seen by the detectors will be lower. For convenience throughout this
study we have assumed the value 40 Bq.m=3. This value is negligible compared to the values

obtained from the measurements in the jar.

5.3 Experiments in the Leak-Tight Jar using the 5 and 30 Bq
220Ra NIST sources

To check whether the radon concentration inside the leak-tight jar does build up with time
until it equilibrates and that this set-up could be used for diffusion studies described below, a
few experiments with two NIST sources of different activity were performed. The accumulation
time (in days ) ranged from 1 to 11 days. Three ”S” chambers or 5 ”L” chambers were used

in the jar each experiment.
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5.3.1 Results from the jar measurements using the 5 Bq NIST source

The first experiments in the accumulation jar to test reliability of the E-PERMs were done with

a NIST source whose activity is 5 Bq. The results obtained are summarised in Table 5-2.

Table 5-2: Results of radon concentrations when the 5 Bq source was used. The calculated
values have an uncertainty of 4% as explained in section 3.6. and the experimental uncertainties

represent one standard deviation.

Time in days | concentration in Bq.m™3 | Calculated values (eq. 3.3) in Bq.m™3
3 290 + 20 287
4 470 £ 20 361
) 490 + 20 429
7 550 £ 20 543
9 570 £ 20 617
11 660 + 20 710

Table 5-2 shows that the radon concentration inside the jar when there is the NIST source
builds up with time. The calculated values have an uncertainty of 4% due to uncertainty in
the source strength. The measurements are based on exposing 3-5 EIC’s in the jar- see the

discussion after Table 5-3 for an example of readings.

5.3.2 Results from the jar measurements using the 30 Bq NIST source.

The method to calculate the concentrations is illustrated by the following data for a 2 day

exposure:
Vinitiat | Vfinat | R0 concentration (Bq m™®)
269 248 1260
245 225 1210
360 340 1150
377 356 1200
242 223 1150
Average 1200 + 50
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The results for the experiments performed are presented in Table 5-3 below.
Table 5-3: The results for the radon concentration in the jar when the 30 Bq source was

used for different times. The calculated values have an uncertainty of 4% as explained in

section 3.6.

Time in days | Concentration in Bq.m™3 | Calculated (eq. 3-3) values in Bq.m™3
0.85 680 X 50 962

2 1200 £+ 50 1237

3 1890 £+ 90 1755

4.24 2570 £+ 110 2320

5.8 2880 X 120 2926

7.75 3330 + 130 3550

Five electrets in L-chambers with short term electrets were placed in the jar. The quoted
uncertainty represents one standard deviation.

The results in Table 5-3 follow the same pattern as those of Table 5-2. This demonstrates
that the E-PERMs give repeatable and reliable measurements with about 5% uncertainty for
a 3 day measurement. This indicates that the source and jar system provides a reliable set-up

to test the diffusion coefficients as described below.

5.4 Experiments to compare E-PERMs with alpha track de-
vices (RGM)

Presently, in South African mines, the most widely used passive radon monitors are alpha track
devices, which go under the name RGM (an acronym for Radon Gas Monitor). These devices
are manufactured in South Africa [Par00]. The manufacturer supplies the mines with these for
use as passive radon dosimeters. After a certain period of exposure the dosimeters are returned
to the manufacturer for reading and then the results are sent to the mines.

In the United States of America and in other parts of the world, the E-PERMs and alpha
track devices are widely used for measuring radon in homes.

The experiments to compare the two types of detectors were undertaken to see if the E-

PERMs and RGM’s give similar readings.
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These experiments were conducted under controlled laboratory conditions. A different type
of E-PERM, the LST type, was used in these experiments. The L stands for the L. chamber
described in chapter 3. Its volume is smaller than that of an S chamber. The lowest measurable
integrated radon level for this type of arrangement is 2.22 kBq.m™3.day.

The detectors were exposed for varying periods in a calibration jar with a NIST ??Ra stan-
dard source of known activity [Col95]. At least five of each type of detector were simultaneously
exposed in three experiments for periods of approximately 2, 3 and 6 days. The electrets were
read 3 hours after the end of each exposure and final voltage readings were recorded. The
RGMs were stored in a spare calibration jar with activated charcoal until all three experiments
were complete. The exposed RGMs together with two unexposed detectors were sent away for
reading. The unexposed ones were used as control devices and their readings were subtracted
from the results to account for radon exposure outside the accumulation jar. This was not
needed in the case of the E-PERMSs, but a small gamma correction has to be made.

The RGM results were returned for comparison with those of the E-PERMs.

5.4.1 Results of comparison between E-PERMs and RGMs

The results for the three experiments to compare the E-PERMSs with RGMs are shown in Table
5-4 below.

Table 5-4: Radon concentration when the two types of detector were simultaneously tested

in the accumulation jar.

Time Delivered value | Electrets % deviation | RGMs % deviation
in hours | In Bq.m™3.h in Bq.m~3.h in Bq.m3.h
46 5.65 x10* 5.76 x10* | 2% 7.08 x10* | 13%
unc = 4% unc = 4% unc = 4.5%
72 1.31 x10° 1.32 x10° | 1% 1.48 x10° | 25%
unc = 4% unc = 4% unc = 3.2
140 4.31 x10° 4.01 x105 | -7% 4.70 x10° | 9%
unc = 4% unc = 3% unc = 8.3%

The uncertainties in Table 5-4 indicates the statistical uncertainty of one standard deviation
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based on our measurements using 5 ”L”-chambers and 5§ RGM’s, e.g. for the 72 h exposure:

Electrets RGM’s

Vi | V; | Rn C (Bgm™3) | Integrated Rn conc.(Bg.m~3.k) | Int Rn C (Bgm™3.h)
453 | 406 1760 125000 1.34E405

452 | 403 1840 131000 1.42E4-05

416 | 367 1870 133000 1.47TE405

460 | 412 1800 128000 1.49E405

450 | 398 1961 140000 1.54E+405
Average 1850180 13200015000 1480007000

The value in Table 5-4 is based on these values multiplied by the exposure time in hours.
Both these radon detectors give values which do not differ too much from the NIST source
values. The electret values are closer to the NIST source values. This may be due to a difference

in calibration or possibly a background subtraction problem.

5.5 Calibration Experiment in the Radon Chamber at the CSIR’s
National Metrology Laboratory (INML)

The E-PERMs were mostly tested in the laboratory at the University of the Western Cape
(UWC) inside the calibration jar and they proved to be remarkably consistent and sensitive
under these conditions. To further confirm their consistency and sensitivity, they were taken to
the national radon chamber at CSIR. The pressure there is about 8.68x10*Pa. This pressure
corresponds to a height of about 1330 m above sea level. This radon chamber has a volume of
about 60 m3. Radon is pumped into this chamber up to the desired concentration. The radon
concentration inside the chamber does not stay constant, but depends on how often and for
how long its doors are opened. This chamber is equipped with a computer facility which keeps
track of the fluctuations of the concentration with time by using ML-98 detectors [Mos99]. On
the outside walls of the chamber, passive radon dosimeters are placed strategically to monitor
leakages from the chamber.

Experiments with a 7 hour exposure and a 2 hour exposure were performed.
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For the first part of the experiment, five S chambers with short term electrets ( SST ) were
deployed inside the radon chamber for 7 hours. Throughout that period the average radon
concentration inside the chamber was kept at around 6740 Bq.m 3. The E-PERMs were then
taken out of the chamber after the planned 7 hours. The electrets were then read after 3 hours.

The second part of the experiment was planned for 2 hours and six S chambers with short
- term electrets were deployed inside the radon chamber. The average radon concentration in the

chamber was about 6440 Bq.m 3. The E-PERMs were taken out after 2 hours.

5.5.1 First CSIR results

The 7 hours experiment was intended for checking if E-PERMSs agree with the NML radon

chamber . The SST arrangement was used as well here. The following results were obtained:

Initial voltage V; | Final voltageV f | Callibr. factor | Rn conc. (Bgm™3)
669 557 2.050 6710

676 565 2.054 6630

659 547 2.044 6730

668 544 2.046 7440

661 547 2.045 6845

Average (with one standard deviation unc.) 6900 £ 300

The average radon concentration measured was: Cr, = 6900 + 300 Bq.m™3.After pressure
correction which is the factor 1.03 we get 7100 4- 300 Bq.m 3. The chamber radon concentration
was 6740 Bq.m ™3 as given by the chamber reading system. The percentage difference is about
5%.

Another experiment was done for 2 hours. The average radon concentration in the chamber
was about 6440 Bq.m™3 and the average radon coucentration obtained from the electrets was
6800 400 Bq.m™3. If the pressure correction is done using the factor 1.03 we obtain 7000+ 400
Bq.m™3. This value differs from the chamber value by about 9%.
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5.6 Further Experiments at the CSIR’s National Metrology
Laboratory Radon Chamber

The second series of experiments had two different purposes compared to the first:
1) To check on the response time of the electrets using S chambers.

2) To check the response time for the L chambers with short term electrets.

For the response time experiment, ten S chambers with short term electrets were deployed
inside the radon chamber. After exactly 30 minutes, all of them were taken out of the chamber.

The times for the experiment to check the sensitivity of the L chambers was performed
based on the calculations of the lowest sensitivity of the LST arrangement, which is about 2.22
kBq.m~3.day. For this sensitivity about 128 minutes were needed. For experimental purposes
times lesser than this were also used, namely 115 minutes and 86 minutes. In the first, ten
LSTs that were deployed, five were intended for 115 minutes and five for 128 minutes. After
115 minutes five were taken out and the last five were taken out after 128 minutes. At the same
time that this set was taken out five LSTs were deployed intended for 86 minutes. This set was
taken out of the radon chamber exactly after 86 minutes.

All electrets were read after 3 hours of their respective end of exposure time. The calculations

for the radon concentrations were not done at the CSIR but in the laboratory at the University

of the Western Cape.

5.6.1 Second CSIR results

The experiment consisted of checking the sensitivity of the LST arrangement. In this experiment
it was assumed that the radon concentration in the NML radon chamber would be 25000
Bg.m™3. The measured average radon concentration for 128 minutes was 24300 £1300 Bq.m™3.
The percentage difference between this value and the average chamber value of 24900 Bq.m~3
was 2.5%. For the 115 minutes exposure the average radon concentration was measured as
24500 + 800 Bq.m 3. This value differs from the average chamber value by 2%. The 86
minutes exposure gave an average reading of 23100 + 800 Bq.m™3. During this period the

average chamber value was 23000 Bq.m 3. The electret reading differs from the average
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chamber value by only about 0.4%. These results confirm that the LST configuration gives

reliable results.

5.6.2 Final experiment at the CSIR’s National Metrology Laboratory Radon
Chamber

Further experiments were done at the CSIR at a much higher concentration to look at the
response time of L-chambers for 30 minutes and 15 minutes. L-chambers with the standard filter
holes plus ones with a modified larger hole were used to see if there is a difference in response
time. The 30 minutes exposure for the standard L-chamber gave an average concentration of
231000 + 14000 Bq.m™3 and for the ones with a bigger hole gave an average reading of 216000
+ 16000 Bq.m 3. The 15 minutes exposure gave an average reading for the standard L-chamber
of 197000 + 12000 Bq.m 3, while for the ones with one big hole the average reading was 196000
+ 13000 Bq.m™3. These two types of L-chambers give repeatable and reliable measurements
with about 6-7% uncertainty over such short periods of exposure.

These results indicate that the response of the electret ion chambers is fast enough to
respond accurately when exposed for the short periods used in these experiments as discussed

in section 5.8.

5.7 Diffusion Experiments in the calibration jar

Some studies with E-PERMs revealed that they do not give consistent results when subjected to
wet conditions [Bot99]. Water enters through the filtered inlets of the ion chambers and touches
the electret surface to cause a voltage drop. The solution to this problem was to enclose the
EICs in bags made of materials that will stop water from coming in but allow gases to pass
through.

To be able to know which materials would be suitable for use, diffusion through these
materials had to be studied in order to see which material had a high diffusion coefficient.

The method used was to cover the calibration jar’s opening with the different materials with
the EICs and the 226Ra NIST source inside the jar. The accumulation time for each sample of

material used was different. Some materials used, allowed radon to escape so fast that there
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was no measurable reading. For such materials, the thickness had to be increased in order to
get a fair reading.

In all the experiments the SST arrangement was used with three chambers at each accurmuy-
lation because the jar’s volume allows for three only. The detectors would be taken out of the
jar after some accumulation time. These electrets would also be read after three hours of end

of exposure time.

5.7.1 Results of the diffusion studies for the various materials

In this section the results of the diffusion studies for various materials are presented and dis-
cussed. There are only a few earlier studies on radon diffusion through polymers, e.g. [Jha82],
[Lab92] and [ Van98 |. Most, of the other studies to determine the diffusion coefficient, of 22Rn

concentrated on building materials such as concrete [ Rog94, Gad9s |.

Polyethylene
In this study three different thicknesses, 254:m; 90pm and 75um, of polyethylene were tested.
The average radon concentration in the jar was obtained from the electret readings as in

section 5-2.  These values were compared to the calculated values by creating an EXCEL

spreadsheet which uses the formula given in eq. (4.21):

1 (8 + D'40) (2w AS + 40D/
- r A 4% 100 5.3
Cat (D’/V+,\)T[D'+,\V C"] [e ] IJJ“ DAV (5:3)

This equation cannot be solved explicitly for I, hence different values for [ were used
until a result close to the measured one was obtained.

The results obtained for the diffusion coefficients of the 25pm polyethylene ranged from 1.7
x 1071 t6 59 x 107"m? 57!, The value obtained by van der Spoel, for his polyethylene foil
whose thickness was (2.33 + 0.02) x 10~*m, was

(1.02 & 0.04 ) x 1011 p2 g1 [ Van98 ]. The ratio of these two thicknesses is 9.3 : 1.

The measured values for the 90pm polyethylene sheet were in the range 1.2 x 10719 ¢ 9.0
x 10711 m2 s~1 The results obtained for the 75um polyethylene range from 2.2 x 10~10 to 3.0

x 107102 -1
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These discrepancies could be due to many factors, like the effective area used in this study
was about 0.0072m? and that used by van der Spoel was 0.0314m?. The other factor could be
that the materials used had pinholes in them, which would increase the value for the diffusion
coefficient, D. All the experiments in this study were performed under temperatures maintained
at 18°C, while van der Spoel’s experiments were performed under similar conditions at temper-
atures of 20 + 2 9C. There is also no indication as to whether the same type of polyethylene

was used.

Microporous membranes ( PTFE )

The measured values for these materials were in the range of 3.6 x 1078 to 4.6 x 1078m?.s7 1.
Values for the average radon concentrations were obtained and substituted in the formula,
which will then give the D' value. From the D’ value the D value was calculated using this

relationship:

P4

DT e

where a is the area and Az the thickness which was established in section 4.5.

The diffusion coefficient, D, for the microporous membranes is about a thousand times larger
than that of polyethylene. This value and the added advantage that they can be used under
wet conditions, especially in the underground mines, makes the microporous materials a very

good candidate for selection.
The results for our diffusion coefficients have large uncertainties, but are accurate enough
to evaluate the response time in the next sections.

5.8 Discussion of the response time of Electret Ion Chambers.

To study the response time of the EIC when inside a bag, we need to consider the diffusion time
of the EIC itself, that is the time needed for the concentration inside the chamber to equilibrate
to the concentration on the outside, especially if it is taken to or from an area with a very much

higher (or lower) concentration. The standard L-chamber has a filtered hole with area about
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1.5 mm? and the thickness of the wall of the chamber is about 2 mm. We need to calculate
the diffusion through this hole.

Consider the case where a miner moves from the surface where the Radon concentration is
low, to an underground stope where the Radon (activity) concentration is very high, Cout say,

where Cyy: is often around 1000 Bq m~3.

Using Fick’s first law, one sees that the number of Radon atoms inside the chamber will

change according to

AN = —ANAt + DAéd—C—At (5.4)

where the first term corresponds to the usual decay part and the second term describes the

diffusion into the chamber where

p. 4\

D = the diffusion constant for radon in air in ms™",
A = the area of the hole(n?) through which the radon is diffusing,
AC is the change in the concentration (m~3) between the inside and the outside and

d = the thickness of the hole in m.

Hence
= - AMN+DA——— 5.
7 AN + 7 (5.5)
where
Cout is the (high) radon concentration outside the chamber and
C;, is the radon concentration inside the chamber.
But C;, = % thus
dC’i . C'out - Ci
T —XCin + DA Vd (5.6)

(Note that here, as in most of the thesis the radon concentration can be interpreted as

activity concentration.)
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This first order differential equation can be solved by separation of variables in the usual

way; to give

Cin ~ out(l - e_t/T) (57)
where
Vd

if we use the fact that \ <« %% as is borne out by the values in practice. (If this were not
so, the response time of the electret would have been of the order of the 3.8 days half life of
radon)

The value of 7 can be used as an indication of the response time of the EIC, since it
corresponds to the time during which the concentration inside becomes Cyyut(1 — 1/e)

For the dimensions of the L-chamber given above,

vd 50cm3 x 2mm
T = R (5.9)
DA " 1075m2s~! x 7 x (0.7mm)?
-6 -3
_ 50X 107 x2x10 1 (5.10)
g S | e 4 s e
~ 6500s ~ 100 minutes (5.11)

This would imply that the chamber itself has a diffusion time which is relatively long
compared to times a miner would spend in a certain area. This could lead to an underestimate
of the dose if a miner spent only an hour in a high radon concentration area. However, the
experiment in the radon chamber at the CSIR where the L-chambers with small and large holes
were compared (see section 5.6.2) , showed essentially NO difference between the standard L-
chamber and one with larger holes. This implies that the change in radon concentration inside
the hole and hence inside the chamber, is not driven by the diffusion through the hole, but
much more strongly by the flow of air currents due to small pressure differences, often called

advective transport [Rog91].

68



The influence on the response time of the L-chamber by covering it with a bag, leads to a
similar derivation as for the one above, except that the response time 7, will depend on the
time for the radon to diffuse through the bag to the space between the bag and the L-chamber.
The relevant quantities are now V', the volume of this space,d, the thickness of the bag material,
A, the effective area through which the radon can diffuse and D is the diffusion constant for
the bag material. Measurement of the physical situation, gives the following very approximate
quantities for the case where the EIC is tightly wrapped in a bag of thickness 0.1 mm and made
out of the microporous material for which we measured a diffusion constant for radon of about

4 x 10 8m?2s~1

,_Yd 107 x107
T DA 4%x10°8 x20x 104

~ 12.5s

Thus the diffusion time through the barrier is much smaller than the pure diffusion through
the hole, and will not have a large impact if the bag is made of a material such as in the example
above. Note, however, that polyethylene with a diffusion constant which is 1000 times smaller,
WILL have a noticeable impact.

One further aspect which needs to be investigated, is the effect of the bag on the flow of air

inside the hole, but that is beyond the scope of this thesis.
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Chapter 6

Conclusions and Recommendations

In this study methods to measure 1) radon concentration in the laboratory, 2) the difference
between the EICs and the RGMs readings, 3) the response time of the EICs to rapidly changing
radon concentrations, 4) the reliability of the EICs and 5) the diffusion coefficients for various
materials, were developed and used.

From the results of the experiments described in this thesis, one can come to some conclu-

sions about the EIC method:

1. The EIC system is accurate and sensitive to radon exposure.
2. The EIC system provides consistent, repeatable results that have, on average, a 5% error.

3. The response time of the EIC’s is fast enough for practical use in the mines. The
experiments at the CSIR showed that the response time for ”L” chambers is less than 15
minutes, which means that the concentration inside the EIC will reach the outside value
if the miner spends 15 minutes in the area. Further experiments are required to find the

time for which the response time is not adequate.

4. The problem of the electrets getting wet can be overcome.
The diffusion coefficient of a particular material depends largely on properties of that
material. The response time of the detector depends on the volume of the bag, the area
through which diffusion occurs, the diffusion coefficient of the bag and the thickness of

the bag. If either the volume or the thickness are increased, then the EIC will respond
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after a longer period. On the other hand using a material with a large diffusion coefficient
will shorten the EIC’s response time. The microporous material investigated in this work
provides a practical material with the desired diffusion coefficient that does not affect the

response time adversely.

This system can be recommended for use in the mines as passive radon dosimeters, where
mine workers are reported to be exposed to extremely high and rapidly changing radon con-
centrations. The EICs can be enclosed in bags made from the microporous breathable fabrics,
which in this study have been tested to have high diffusion coefficients. The EIC’s, will then

perform well even under wet conditions.
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Appendix A

Calibration Equations and

Correction For Background Gamma

Radiation

A.1 Calculation Of Radon Concentration

To obtain the average radon concentration, a two-step calculation is required to convert the
initial and final electret readings and the exposure period into a radon concentration value.
First, the calibration factor (CF) must be calculated using equation A.1 below. The (Y%VE>
factor in the equation represents the average of the initial and final voltage readings of the

electret for a particular radon measurement. This factor is also called the midpoint voltage

(MPV).

CF=A+Bx <V’+VF>

(A1)

where A and B are constants for a particular configuration, and V; and Vg are the initial
and final electret voltages. The second step is to calculate the radon concentration using the

calculated calibration factor in equation A.2 below.

Vi—-Vr

CRnZCFxTD—

BG (A.2)
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where Cgy, , which when multiplied by 37, gives the average radon concentration given
in units of Bq.m™3, Tp is the exposure period in units of days, BG is the environmental
gamma background radiation, which when multiplied by 37, is given in units of radon concen-
tration Bq.m™3. The environmental gamma background radiation can be measured using the
E-PERMs. This is done by enclosing the E-PERMs in either the mylar bags or aluminium cans
to keep radon away. In the US, the Environmental Protection Agency (EPA) has published a

listing of average gamma radiation levels in each of the states there.

A.2 Calibration Equations and Corrections for Background Gamma

Radiation for the Various E-PERM Types

In this section the proper calibration equations for calculating average radon concentrations
for the various combinations of chamber and electret types are given. The manufacturer of the
E-PERMs, Rad Elec Inc., has made available a software package, called RADSYS, which does
these calculations automatically when the input data (V;, Vg, altitude and exposure period)
are entered. Rad Elec Inc. also provides the E-PERM users with hand-held pocket computer
to use in the field for computing the calculations. The radon concentration for the different

arrangements are given by eq. 5.2

Vi—Vr

CRn(il'l qu_3) =37 X [(CF—XCFA

) — Gamma correction] (A.3)

where the calibration factors are given below.

Short-Term (ST) Electret in Standard ?S” Chamber (SST)

CF = 1.69776 + 0.0005742 x <V’ “; VF) (A.4)
and gamma correction of .0.87
Long-Term (LT) Electret in Standard ”S” Chamber (SLT)
CF = 0.14 + 0.0000525 x (V’ ; Vi ) (A.5)
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and gamma correction of 0.87 .

Short-Term Electret in ”L” Chamber (LST)

CF = 0.26127 -+ 0.0001386 x ( Vit VF)

2

and a gamma correction of 1.2.

Long-Term Electret in ”L” Chamber (LLT)

VitV
CF = 0.02382625 + 0.00001120 x (g)

and a gamma correction of 1.2.

Short-Term Electret in ”H” Chamber (HST)

CF = 7.2954 + 0.004293 % (VI ; Ve )

and the gamma correction here is 0.7 .
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