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RADON DAUGHTER MIXTURE DISTRIBUTIONS IN URANIUM
MINE ATMCSPHERES

by

Robert Fu« Holub 1 and Robert F. Droullard?2

ABSTRACT

The Bureau of Mines has made a study of the magnitude of the variationms
of radon daughter mixtures, with the objective of determining whether these
variations reflect the existing physical conditions in uranium mine atmos-
pheres or if they are merely random or systematic errors. To accomplish this,
many data have been plotted using a triangular graphing technique which shows
that plateout affects RaA more than RaB or RaC, and that it is impossible to
find simple correlations between working level ratios, radon daughter mixtures,
and age.

INTRODUCTION

Studies of radon daughter air concentration measurements show that mix-
tures of RaA, RaB, and RaC vary in an unrecognizable manner. Factors affect-
ing these daughter product mixtures have been studied by several investigators
(1-2, 6, 10),% but the results appear to be inconclusive. This study explores
several factors having an influence on the results of measurements of RaA, RaB,
and RaC in mine atmospheres such as measurement method errors, constancy of
daughter concentrations during the sampling time, daughter growth models, and
daughter plateout.

Measurement methods influence the error propagation owing both to count-
ing statistics and to some possible contaminants or losses of activity. The
constancy of radon daughter concentrations during sampling time is a standard
assumption; it is very likely that if this assumption is not justified, some
errors will be introduced.

A growth model is an idealized time development of radon daughter concen-
trations in systems containing air, radon, and airborne radon daughters.

! Health physicist.
BSupervisory geophysicist.
Both authors are with the Denver Mining Research Center, Bureau of Mines,
Denver, Colo.
®Underlined numbers in parentheses refer to items in the list of refarences at
the end of this report.



There are three growth models for an enclosed volume: (1) ventilated with
constant radon emanation, (2) unventilated with continuous radon emanation,
and (3) unventilated with initial radon concentration. If fresh radon is con-
stantly supplied to a system, the instantaneous radon daughter concentration
will differ from the concentration of a system that has no fresh radon supply.
Likewise, the introduction of fresh air to a system will also have a substan-
tial effect on the radon daughter concentration.

To gain some insight into the problem, about 400 published measurements
taken by different groups over the past 15 years have been plotted and
analyzed.

Another purpose of this work is to demonstrate a new and convenient, two-
dimensional way of plotting the radon daughter mixtures. Using this approach,
the disadvantages of the common one-dimensional plot are eliminated, more data
can be plotted on one graph, and more physical relationships can be ascertained.

There are three radon daughters to plateout or change their concentration
before or during the sampling, which results in a multivariate statistical
problem. However, it is beyond the scope of the present investigation to try
to unravel these naturally dependent statistical variables since it would
require, in the most general case, a determination of 9 standard deviations
and up to 36 correlation coefficients.

DESCRIPTION OF THE PLOTTING METHOD

The basis of the plotting is the triangular graph used in figures 1-4.

Any point within the triangle represents an airborne activity mixture of radon
daughters normalized to 1 working level (WL). The lower left corner repre-
sents pure RaA with an activity of 956.3 picocuries, the upper right corner
represents pure RaB with an activity of 193.9 picocuries, and the upper left
corner represents pure RaC with an activity of 263.7 picocuries. Zero activ-
ity for RaA and RaB is at the upper left corner, while zero activity for RaC
is on the hypotenuse side of the triangle. For simplicity the RaC axis, which
is on the perpendicular bisector of the hypotenuse, is not shown on any of the
figures. These triangular graphs were used previously in references 3 and 5.

Prior to a detailed discussion of the data points, the following basic
features should be noted: (1) any data appearing in or near the lower left
corner correspond to young air,* and (2) very old air is in the region where
RaA, RaB, and RaC have activities of about 100 picocuries (the equilibrium
point). The curve drawn from the lower left corner to the equilibrium point
describes the time development of the radon daughter mixtures from an ini-
tially pure radon which is a radon growth model 3 to be discussed later. The
equilibrium point is reached in about 3 hours; thereafter, the daughter con-
centrations do not change. The classical radon daughter growth curve,

“Young air is air containing radon but low concentrations of daughters because
there has not been enough time for them to develop. O0ld or equilibrium air
is air with radon and daughter concentrations approaching equilibrium
conditions.



growth model 3, is provided

5 - “&wag“"—> - as a reference for the data
T T T plotted.
100 | NH Another convenient fea-
52 minute air ture of these graphs is the
il ease with which the mixtures
of various ages of air and
- models can be constructed.
2 An example is shown in
§400_ figure 1 where the composi-
% — tion of points are being
P _ _ (#4) 90 Equilibrium air determined. The first step
500 WA Sl ol Terminite am is to draw straight lines
l (X) 50 Equilibrium air through these points and
600 B TR Sk some other points chosen as
mgzii:ti°" possible components. It
— should be noted that any
straight line may be drawn
between any two different
&0 points (or ages) to form a
set of mixtures almost any-
00 where in the domain of the

measured data points. The
chosen components do not
have to lie only on the
curve drawn in figure 1
(growth model 3); they may
lie on any curve corresponding to growth models 1 and 2. In the example in
figure 1 the components are:

FIGURE 1. - A two-dimensional plot showing the construc-
tion of mixtures of various ages of air,

1. Equilibrium air and air 10 minutes old (line 1). These two compo-
nents could be derived from an injection of air 10 minutes old into an air
that was traveling through a mine tunnel for 3 hours.

2. Air 52 minutes old and absolutely young air with pure RaA (line 2).
This is not a likely combination, but it does illustrate the point.

The second step is to measure where the points lie on the straight lines.
Point + on line 1 is at one-tenth of the whole length between the point corre-
sponding to 10 minute air and to equilibrium air, which can be described as a
mixture of 90 percent equilibrium air and 10 percent air 10 minutes old. The
remaining possibilities are listed in figure 1.

To show the location of line 1 in relation to the data points, it is also
drawn in figures 2-3 as a full line. The dashed line is for the components of
equilibrium air and the pure RaA concentration point on the graph.

The data points have been plotted using a simple computer program and the
actual plotting in figures 2-3 was done by an X-Y plotter.
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FIGURE 2. - A two-dimensional plot of 275 data points whose value exceeds 0.5 WL.
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FIGURE 3. - A two-dimensional plot of 105 data points whose value is less than 0.5 WL.

RESULTS

Figure 2 contains 275 data points whose WL value exceeds 0.5. Of these,
170 are data compiled by Lovett (6) labeled A and the rest are data labeled m,
measured by the Radiation Branch, Denver Technical Support Center, Mining
Enforcement and Safety Administration (MESA) ,° Denver, Colo. (9), or the

SMESA became the Mine Safety and Health Administration (MSHA), U.S. Department
of Labor, on Mar. 9, 1978.
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Integers are in minutes About 80 percent of the
FIGURE 4. - The disagreement of the theoretical “‘ages ~ data measured include the
of air'’ as inferred from the radon daugh- radon concentratlon.‘ This
ter growth models and the average exper- emables Che sleslabden of

. . . the working level ratio
!mentolnnxﬂgeI?cohonsoffhedofa.The IR , which is defined as
integers are in minutes,

100 times the WL divided by
the radon concentration in picocuries per liter. At equilibrium, the mixture
has an activity of 100 picocuries per liter for all daughters of 1 working
level and the WLR has a value of 1.0. 1In general, it is considered '"a conven-
ient, if approximate, unit expressing the degree of equilibrium between gas
and its daughters'" (1). To check this assumption, the mean values of working
level ratios for various sets of data were compared with several ages in
table 1 and figure 4. The ages are inferred from various growth models to be
described later. The mean values for the radon daughter mixtures normalized
to 1 WL are given in the first three columns of table 1 and the corresponding
locations are given in figure 4. The ages were calculated for the given WLR
values; they are given in figure 4 in minutes. Those for WLR = 0.41 are
labeled m; for WLR = 0.36 are labeled a; for WLR = 0.22 are labeled e. To
facilitate understanding, the experimental and the theoretical points belong=-
ing to the same WLR are connected by the dashed lines.

The important consequences of the same WLR value having so many different
locations on the graph will be discussed in the '"Discussion' section.



TABLE 1. - Comparisons of the ages as inferred from WLR measurements for different
radon daughter growth models

Mixtures normalized Radon daughter growth model age,
Data description to 1 WL, pC/1 WLR, minutes
RaA | RaB | RaC average | '3 12 1] 1 i1
2360 [ ®45 220
Concentrations greater than 0.5 WL:
Lovett's compilation (shown in
figute 4 @8 X)eoswone qussonsnsssassss 186 | 101 75 0.41 30.0 | 61.1 [ 66.0 | 110 | Out of range.
MESA measurements (shown in figure 4
88 Wk smmes simsemen BasEeeE By e es o 225 105 58 +36 25.0 | 52.0 [ 53.0 | 75 | Out of range.
Concentrations smaller than 0.5 WL: All
measurements (shown in figure 4 as o).. 255 97 60 22 135 1. 27:5 | 275 31 45
Total (shown in figure 4 as +)..... 221 101 66 32 21.0 |44.0 [ 44.0 | 56 | Out of range.

1 Numbers refer to the growth model (as used in reference 1).
®Number of minutes refer to durations during which a complete air exchange takes place.
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FIGURE 5. - Bureau of Mines mine measurements under
various conditions. The error bars are the
counting statistics errors for a given WL,

In figure 2, a straight,
dashed line is drawn from
the pure RaA point to the
equilibrium point. The area
enclosed on one side by this
line and by the growth
model 3 curve on the other
side is defined in this
paper as the "matural
domain'" of radon daughter
mixtures.

Data taken by the Denver
(Colo.) Mining Research Cen-
ter are plotted in figure 5.
It shows the influence of
unsteady conditions on the
spread of the data. The
error bars shown for some
points correspond with count-
ing statistics errors as cal-
culated according to Thomas
(11). It should be also
noted that in figures 2-3 a
substantial percentage of
the data (approximately
60 data points) lie outside
the region defined previ-
ously as the natural domain

of radon daughter mixtures which will be discussed later.

DISCUSSION

The most striking feature in figures 2=3 is the spread and the elongated
shape of the data distribution. It is the main subject of this section to dis-
cuss and explain this spread and shape. There are five main effects which

determine the data location on the graph.

1. Counting statistics.

2. All other errors.

3. Nonconstancy of the daughter concentration during sampling.

4. Radon daughter growth models.

5. Plateout.



Counting Statistics

Before starting to track down some real physical relationships, it must
be made certain that counting statistics and other errors are not the main
culprits causing the spread of data. Breslin and others (l) plotted experi-
mentally determined statistical errors for both Kusnetz and the old Tsivoglou
method (1, p. 30). Later Martz and others (7) derived a theoretical evalua-
tion, using the standard formulas for error propagation for RaA, RaB, and RaC
standard deviations, and later, the same approach was used by Thomas (1l1) for
the modified Tsivoglou method. The results of these calculations, after some
modifications for RaA, RaB, and RaC in dependence on WL, are plotted in
figure 6. The individual curves are: (1) full line, RaA for an equilibrium
mixture of 100 picocuries for all daughters; (2) dashed line, RaA for the
mixture of 320:125:25 picocuries per liter; and (3) full lines close together
representing RaB and RaC. It is not necessary to plot the last two curves for

70

60

50

NOTE : Numbers in brackets are in
picocuries per liter -

N\
™\ RaA[333;100; 23]

N

40

RaA[100;100;100]

30

STANDARD DEVIATION, percent

20

- e

— “ea .
— - R ce o
T ——

l l - ';;._o.-.

0 0.1 1.0 10.0
EXPOSURE,working level

FIGURE 6. - Counting statistics errors for radon daughters and working levels for various mix-
tures (given in the square brackets) in dependence on the working levels.
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different mixtures because they are practically independent of the radon
daughter mixtures. The remaining curves will be described later.

The counting statistics errors for RaA and RaB are also shown as error
bars in figure 5, together with the values for the working levels 0.083, 0.34,
and 3.78. Using standard error propagation methods, the error for WL has been
calculated. The resulting standard deviations for WL (g, ) in WL units, using
reference 11 notation, sampling and counting times, is as follows:

_1.7349 x 10
OyL = V E

1/
<31.51 Lo + 0.634 Iy, 0 + 1214 Ty, 5 + 222 R> , (1)
B

the air sampling rate in liters per minute,

g
=
]
I
o
<

It

=
Il

counting efficiency,

I, ,; = number of alpha counts, uncorrected for background, from T, to
L2 T, minutes after the end of sampling,

o=
@
]

background counting time in minutes,

and R = background counting rate in counts per minute.

The corresponding (dash-dot) curve is plotted in figure 6. The 'most
probable mixture' or the "midpoint mixture' has been chosen as (221:101:66).
It has been found that mixture fluctuations do not have much effect on the
oyL value.

The standard deviation for WL is lower than the standard deviations for
RaA, RaB, and RaC due to favorable error propagation relationships.

A comparison with a corresponding Kusnetz WL measurement,® based on one
measurement and with the standard deviation proportional to the square root of
the count, a 5-minute sampling period and a measurement time at 40 minutes
after the end of sampling (5), gives the results shown in figure 5 (dotted
line-curve K). For these results to be comparable with the Tsivoglou measure-
ments, the same efficiency (0.467) and a counting time similar (10 minutes) to
the Tsivoglou method have been chosen.

To be complete, the Kusnetz inherent error for data points falling within
the most probable region has been added (curve K;, dash-dot-dot-line) to the
statistical counting error for the Kusnetz method.

The errors plotted in figure 6 are lower than those reported by Breslin
and others (l) because they did not use the modified Tsivoglou method. Accord-
ing to Thomas (11), the improvement of the accuracy should be almost a factor
of 3 for RaA, RaB, and RaC when his method is used. To explain the accuracy
of the modified Tsivoglou method being from three to five times better than

®Most Kusnetz measurements are done with a counting time of 1 minute and an
efficiency of about 30 percent.
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the original Tsivoglou method, note three measurements are used while the
Kusnetz method uses only one; therefore, the former is, in a sense, an average
of three measurements. Figures 5-6 permit determination of the counting sta=
tistics errors.

Other Errors

When investigating the spread of data normalized to 1 WL, only factors
that influence the daughter mixtures and not the value of the working levels
need to be considered. For example, the accuracy of the airflow measurements
are of no consequence because they affect all radon daughters the same way.
Two errors associated with counting that could favor a particular daughter are
self-absorption in the filter paper and the presence of thoron daughters or
the RaD, RaE, RaF chain. RaF (Po-210) is an alpha emitter which is long-lived
and by adding an alien activity, makes the Tsivoglou equations erroneous.
Because these two errors could be serious, self-absorption was checked both
theoretically and experimentally. The effect of long-lived activity was eval-
uated theoretically.

To test the effects of self-adsorption of the filters, three measurements
were made using a membrane-type filter where self-absorption is minimal and
three measurements were made using a standard fiberglass filter. It was
assumed, on the basis of previous experience, that the mixtures have not
changed significantly during this period. The mean values of these tests are
given in table 2. The method of measurement used is the modified Tsivoglou,
and the nomenclature is that used by Thomas.

TABLE 2. - Measured and calculated differences between the Rn daughter
concentrations without and with self-absorption

Experimental Counts per minute Picocuries per liter
I, s L, 20 I>,, a0 RaA | RaB | RaC| WL

Membrane filter paper.. | 17,493 | 50,954 | 27,561 | 1,147 | 452 | 189 4.25
Fiberglass filter paper | 16,348 | 48,298 | 27,241 | 1,049 | 430 | 183 | 4.02
Difference between..... | =-1,145| =2,655 =315 -98 | =22 =5]-0.23

Percent: vosen soaaes e 6.5 5.0 1.0 8.5 5:0| 2:5 55
Calculated:
Case Losmwwesswnsenss NAp NAp NAp -181 5 18
Case 2ussnmasvssn aanse NAp NAp NAp -10 | =35 | =24
Average...ceeceeenn NAp NAp NAp =96 | =15 -3

NAp Not applicable.

The results of the preceding experimental work can also be illustrated
theoretically by small subtractions from the basic equations for RaA, RaB, and
RaC, as they are given in reference 11. Each of the three measurements (I;,g,
Is,205 121,30 Where 2,5; 6,20; and 21,30 are the times of the beginning and
the end of these measurements after end of sample period) consists of RaA and
RaC' alpha particles. It is difficult to estimate the loss of activity due to
self-absorption for RaA and RaC individually. Since the nature of these
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considerations is only approximate, it was considered acceptable to choose two
extreme cases (labeled case 1 and case 2), which, even though they cannot
happen in nature, provide a lower and upper limit.

Case l.--In this case the decrease in activity due to self-absorption of
RaA is estimated. From reference 11, equations can be written for RaA, RaB,
and RaC (labeled C,, C;, and C,), with the small subtractions for RaA, AIA;, .,
and disregarding the sampling flow rate and efficiency, as

C, =0.1689 (I, 5 - ATAz, ) - 0.082 (Ig,z0 - ATAs, 25)
+ 0.0775 (Iz1,30 = ATAs1,30) 5 (2)
C; =0.0012 (I, - AIA;, g) - 0.0206 (Is, 2o - ATAg, 20)
+ 0.491 (Ip; g0 - ATAzy, 30) 5 (3)
and G =0.02251 (I o - ATAz g) + 0.0332 (Ig oo = AlAg, 2o)

= 0.0377 (Iz1,30 - AIAgl,SO). (4)
The RaC component does not change very much in activity throughout the

three measurements. This approximation is based on the realization that the
decay of RaC' is complemented by the decayed RaB. Also note that

AIAleSO = 03
because of the RaA short half-life and
Ahg 20 = ATAz g exp (-hgoat) = AIAz ¢ 0.052,

where )\.,, and t are the RaA decay constant and elapsed time from the first
measurement .

The next step is to look at partial derivatives of the RaA, RaB, and RaC
activities with respect to the small subtraction, ATA. When the differences
in the counting times for the individual measurements are approximately taken
into account, the results are

& - _0.149, (5)
5AIAz g
8% - 0.0083, (6)
GAIAQ,S

a5 _8C8 - 0.0144. 7)

6AIA2, B
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When the preceding numbers are used for the case shown in table 2, using the
expressions

ACe = -0.149 ATAs, o, (8)
AC; = 0.0038 AIA; o, (9)
and AG, = 0.0144 AIA; o, (10)

where AC, is the difference in Rn daughters concentration due to small sub-
traction AIA;, g, the results shown at the bottom of table 2, case 1 are found.

Case 2.--In this case the decrease in activity due to self-absorption of
RaC', which is in general different than for RaA, is estimated. As mentioned
previously, the RaC' contribution to the three counting periods of the modi-
fied Tsivoglou method can be considered constant. For this reason the nota-
tion AIC; ; is chosen which indicates a small contribution to the count I due

2

1
to RaC' for any of the three counting periods. Using the same equations as
before, the following results are found:

6C2

8AIC; ¢
12

0.0087, (11)

5Cs

50IC; ¢
1 2

0.0523, (12)

_8G

§AIC ;
1 =2

0.0194. (13)

Using these numbers in the same way as in equations 8, 9, and 10, the
numbers presented in table 2 as case 2 are found.

A closer look at table 2 can give the following useful information about
the effect of small subtractions’ from the true values:

1. While there is, for instance, an 8.5 percent lower concentration of
RaA, when normalized to 1 WL, the difference in a position on the graphs of
figures 1-2 is only about 2 percent. It is, therefore, very unlikely that the
points that are outside the natural domain can be accounted for by researchers
using alpha-absorbing filter papers and similar oversights. Only self-
absorption or deadtime losses at least two to three times higher than those
shown in table 2 could account for some of the shifts outside the natural
domain, which seems quite unlikely.

2. The average of the calculated values given in table 2 (cases 1 and 2)
agree reasonably well with the experimentally found values, which provides
additional confidence in the approximate calculations and the conclusions.

"The subtractions can come not only from self-absorption but also from not
applying deadtime corrections.
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The remaining case (a constant activity AL as a small addition to the
true activity of the daughters in all three measurements) gives the following
results:

8Co

22 _ . 14

Vi 0.0087, (14)

3G - 9.0523, (15)
sAT

and 5% o 0.0194. (16)
sAT

These expressions show how the daughter activities increase with constant
activity which could result from the long-lived thoron daughter or Po-210
activities. The latter activity could be present on dust in uranium mines.

In our measurements it was found on several occasions that there are long-
lived activities which rarely exceed 1 percent of the total. However, it is
conceivable they could be higher in some mines.

From the preceding, it can be seen that a constant activity addition is
going to move the points in the triangular graphs in the direction of
increased RaB (the partial derivative for RaB (C;) is largest and is positive).
It will not be in the direction of decreased RaA; therefore, this effect can-
not explain the data in figures 1-2 which have a very low RaA component.

Nonconstancy of the Daughter Concentration During Sampling

This appears to be an entirely neglected subject. From the work pub-
lished on cave breathing (12), in response to changes in pressure and tempera=-
ture, it may be safely concluded that in a naturally ventilated mine the flow
can be changed substantially or even reversed several times during a day.
Sometimes these changes in concentration are called ''gusts" of radon and radon
daughters. The quoted work does not mention ventilated caves; however, it
should be first proved that in such cases the concentration is constant rather
than to assume it.

Radon Daughter Growth Models

The most common explanation of the spread of the data is that they are
linear combinations of mixtures of different ages as mentioned in the previous
section. However, some data lie outside the natural domain as defined before.
In figure 1, which contains data greater than 0.5 WL, there are approximately
44 data points lying outside the natural domain, and in figure 2, which con-
tains data smaller than 0.5 WL, there are about 10 points.

Besides the spread of the data points, there are also some nonzero corre-
lation coefficients inasmuch as the distributions of data in figures 1-2 do
not have a circular shape, but rather, a curved and elongated one. At first
approximation, most data are located in the vicinity of the equilibrium point.
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Breslin, George, and Weinstein (1), to explain the spread and correlation
of the data, used the concept of radon daughter growth models as mentioned in
the "Introduction." In more detail, they are:

Model 1. An enclosed, ventilated volume with constant radon emanation.
This is also called the radon chamber model.

Model 2. Continuous radon emanation with no mixing. This is also called
the mine tunnel model.

Model 3. 1Initially pure radon concentration with no mixing as described
by Evans (4).

Models 2 and 3 have no airflows passing through the volume. Model 3 is
described exactly by the curve shown in figures 2-4. The times marked in
minutes for various points on the curve indicate the age of air in the exact
sense as defined by Evans. Models 1 and 2 fall entirely into the region
defined by this curve and the straight line joining the equilibrium point and
the pure RaA point which is considered the natural domain.

Growth models 1 and 2 cover an area which is entirely within the natural
domain. This leads to conclusions that about 44 points lying outside this
area in figure 2 and about 10 points in figure 3 cannot be explained by any of
the growth models. In addition, from this discussion it follows that it is
impossible to decide which growth model applies to the given data because,
when mixing is allowed, there is a complete overlap of all three models. 1In
fact, even without mixing it would be difficult to decide on a growth model
because of the errors. Moreover, it is very difficult to make sure no mixing
took place in a turbulent mine atmosphere.

Plateout

In this work plateout is understood as a ''fast loss of airborne daughter
products to mine surfaces.'" The main reason for singling out this phenomenon
as of prime importance is that the radon daughter concentration in ventilated
mines is always much lower than the parent radon concentration.® The two main
reasons for this are the much higher chemical activity of radon daughters than
for radon itself and the very high mobility of radon daughter atoms or mole-
cules before they get attached to airborne particles.®

Both the previous section on radon daughter growth models and this sec-
tion are concerned with the depletion of radon daughters with respect to the
parent radon concentration. These depletions can be classified in the follow-
ing manner:

1. Depletion according to Evans' (4) description as nonequilibrium radon,
radon daughters system. In this work, following reference 1, the model is the

®The average WLR for the data in figures 2-3, =~ 0.3 to 0.4.

Sometimes even the attached radon daughters are removed from the atmosphere
by gravity or diffusion to mine surfaces and to exclude this process, the
above definition uses the word fast to imply that it takes place more
rapidly for uncombined radon daughters.
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growth model 3. It is given in figures 1l-4 as the curve starting from the
lower left corner and ending at the equilibrium point.

2. Depletion according to models 1 and 2. As mentioned before, the mix-
tures corresponding to these models are entirely within the natural domain
which was defined in the previous section. The mixtures pertinent to these
models for a given WLR are indicated in figure 4 and table 1.

3. 1In addition to the radioactive transmutation depletions, there are
plateout depletions that affect all radon daughters equally. The result of
such plateout is no change in mixtures; therefore, there is no shift in loca-
tion in the triangular graphs which are normalized to 1 WL.

4. Depletions of more interest are those that do not affect all the
daughters equally with a resulting shift in the position on the triangular
graphs. This case may result from selective plateout.

From the four points it is clear that it is very difficult to determine
uniquely the sources of these depletions. To recapitulate, three aspects of
these difficulties can be specified.

1. The experimental WLR does not coincide with any of the theoretical
WILR's in terms of mixtures as shown in figure 4. The theoretical locations,
which all have working level ratios shown in figure 4, have wide ranging ages.

2. There is no simple model, and no age, that would give the experi-
mentally determined average WLR and the corresponding mixtures. The only way
to form those mixtures would be by mixing radon daughters of various ages.

3. As mentioned before, approximately 60 data points lie outside the
natural domain; these cannot be formed by mixing radon daughters of various
ages. The only likely explanation is selective plateout.

The most likely daughter to plateout is RaA (the first daughter to be
formed from the inert gaseous radon parent as a free and probably charged
atom). As Mercer (8) states, if the RaA atom should plateout, then there is
a great probability it will reenter the gas phase on recoil. The recoil
energy of the now RaB atom is 112 kev; the adsorption energy is of the order
of 1 ev; the RaB atom clearly has a good change of recoiling.

The net result of this sequence of events is the suppression of RaA
activity relative to RaB and RaC, very much like those data points which lie
outside of the natural domain in figure 2. It is tempting to state that all
data points are shifted in the direction of the lower RaA region. This hypoth-
esis is probably supported by the fact shown in figure 4 where all of the
experimentally measured average working level ratios are displaced, approxi-
mately, in the direction of a lower RaA component with respect to the theo-
retical values.

Until now, only various average mixtures and about 60 points lying outside
the natural domain have been discussed. There is, however, another noteworthy
feature in figures 2 and 3, namely, the spread of the data. 1In view of this
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discussion, it seems plausible to propose that the spread of the data is real,
that it reflects the physically changing conditions which make the RaA, RaB,
and RaC mixtures change. In other words, the spread of the data within and
without the natural domain is not due only to the inaccuracies of the measure-
ment methods.

The changes in surrounding conditions can be caused by the following:
1. Low or changing concentrations of condensation nuclei.
2. Changing humidity.

3. The presence of turbulence, which by its nature, can produce large
differences from relatively minor changes.

4. Differently charged mine surfaces and airborne particles; these con-
ditions influence both the working level ratios as well as the mixtures.

To check these considerations, a series of experiments were made in the
Bureau's experimental uranium mine. The results are given in figure 5 which
has 22 data points. The error bars, indicated for some of the data points,
show the uncertainty of the counting statistics for RaA and RaB components.

Most radon daughter concentrations were about 3 WL; those that were lower
are marked in figure 5. The 13 data points that are enclosed in a circle have
been measured during periods when steady conditions prevailed, a condensation
nuclei generator'® running, and after the ventilation fans have been running
for about 16 hours. These conditions result in data that are quite closely
grouped. The rest of the data points are quite scattered. This could have
happened when the diesel engine was shut off, or when the measurements were
made in a closed room with markedly lower condensation nuclei concentrations
and with otherwise poorly defined atmospheric conditions.

It may be concluded from this experiment that the spread of the data
points in figure 5 is probably due to the changing conditions as defined pre-
viously. This conclusion has been also reached by Breslin and others (1l).

Confirmation of this conclusion can also be obtained from the fact that
about 200 measurements obtained in the Bureau of Mines experimental radon
chamber are very tightly grouped in the same kind of plot as in figure 5.

Another important feature is that this spread of the data points has not
markedly changed for the better with more advanced measurement techniques.
The points indicated in figure 2 by A are the older Lovett (6) compilation;
while the points indicated by 7] are recent measurements taken by MESA (9).
It is true that the main bulk of the data points lies somewhat lower than
those compiled by Lovett (fig. 4), which means higher RaA concentration with
respect to RaB and RaC, and which, in turn, suggests better ventilation; how-
ever, the spread of the data remains as wide as before which would be the case
if the sources of spread described played important roles.

1°A small diesel engine.
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The counting statistics errors are displayed in figure 6, and the corre-
sponding error bars in figure 5. It is very fortunate that the standard devi-
ation for WL, o, , the dash-dot line in figure 6, is relatively small.

For comparison, the total error for the Kusnetz method is shown. The
counting time is 10 minutes, which is longer than the fieldworkers usually use;
therefore, in most cases the error is worse than shown in figure 6.

In general, there is very good agreement between WL measurements using
the thermoluminescent dosimeter (TLD) and the modified Tsivoglou measurements.
The TLD tests have been performed in the Bureau laboratory in connection with
the development of personal dosimeters. The TLD measurements operate on an
energy dependent principal, while Tsivoglou depends on counting events. The
agreement indicates that errors due to self-absorption for RaA and RaC' due to
different alpha energies are not seriously affecting Tsivoglou measurements.

In spite of the ambiguities in the concepts of age of air and of WLR, it
can be said that whatever mechanism is causing the ambiguity in associating
the radon daughter mixtures with WLR and the corresponding age, the correla=-
tion between them is not totally eliminated.

CONCLUSIONS

The variations of the mixtures of RaA, RaB, and RaC are the result of
unsteady conditions and selective plateout. No simple correlation with the
radon daughter growth models could be found. The mixtures that fall outside
the natural domain can be explained only by selective plateout. The width of
the distribution is explained, except for the random and systematic errors, by
the changes in the surrounding conditions. All conclusions have been reached
with the aid of the two-dimensional triangular graph which is especially
suited for these analyses.
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