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ABSTRACT

A method is described for the continuous and simultaneous measurement of both 220Rn
and 222Rn in air. Two scintillation flasks are arranged in a serial configuration and the
concentrations of 222Rn and 220Rn are determined by making use of the difference between
the half-lives of the two radon isotopes.  The method was developed for directly measuring
220Rn in occupied areas where fuel materials containing 228Th were being used, but could
also be useful for other applications.  Since 222Rn is usually present from either naturally
occurring materials or due to the presence of process material, the method was designed
to allow measurement of the two isotopes at coincident times.  The method is discussed for
counting equipment using scintillation cells, but the approach would also be directly
applicable for any type of pulse-counting radon monitoring equipment such as pulse-ion
chambers. Although intermittent measurements with decay correction could be performed
using a single detector, the use of two cells allows continuous monitoring and a higher
degree of detection sensitivity.  The approach makes use of isotope-independent calibration
factors and could therefore easily be modified for use with a single detector when only one
of the radon isotopes is expected to be present.
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1. INTRODUCTION

The half-life of 222Rn is 3.8 days while the half-life of 220Rn is only about 55 seconds.
This fundamental difference of property allows the convenient separation of one radon
isotope from the other by measuring the concentration in an air volume at two separate
times. This concept has been incorporated into a continuous monitor by placing two
scintillation cell detectors in a serial configuration with a delay line between the two.
Ambient air is passed through a fibrous filter and brought into the first detector with
virtually no delay (e.g., the travel time into the cell is minimal). The air circulates through
the first cell and then continues through a delay volume to a second, identical detection
cell. The net output from each of the cells is unfolded using a simple mathematical
relationship that accounts for the decay between the two cells to give the concentrations
of 222Rn and 220Rn in the air entering the system.

The method was developed to meet measurement requirements during
decommissioning operations at the previous Molten Salt Reactor Experiment located at
Oak Ridge National Laboratory.  The fuel used in the reactor was 233U and contained 232U
as a contaminant.  The 232U produces 220Rn which can easily escape into the ambient air
occupied by workers.  Since 222Rn is also present in the area due to natural materials, it was
important to resolve the concentration of each isotope so that the source of any elevated
measurements could be well understood even at low concentrations.  Scintillation cells
were chosen because of the high intrinsic efficiency associated with this type of detector,
thereby allowing measurements at low concentrations with good statistical certainty.
Additionally, the system was designed using off-the-shelf components to allow relatively
easy construction and maintenance.

2. DESIGN

Figure 1 shows a schematic of the detection system. The detectors used are
scintillation flasks, which are commonly known as Lucas cells—named after the man who
first developed the technique (Lucas 1957). The cells, or flasks, are equipped with input
and output orifices such that air can be drawn through the sensitive volumes. The cells are
coated on the inside with a ZnS(Ag) scintillant that allows the indirect detection of
energetic particles impinging the wall by detecting the light emitted with photo-detectors
coupled to the cell. The detection system is calibrated so that only large pulses, such as
those from alpha interactions within the scintillant, are detected. The result for this
configuration is that alpha emitting radionuclides in the air passing through the cells are
detected with a relatively high efficiency. At the input, the air is drawn through a fibrous
filter that removes charged molecules and aerosols, thereby allowing only gases that do not
react with the filter to enter the chamber.  Note also, that although scintillation cells are
being discussed in this report, that the method is directly applicable to any type of pulse-
counting radon measurement equipment such as pulse-ion chambers.

A data logger is used for recording the output from each of the cells and can then be
used to download the information into a personal computer at a later time.  A calculation
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Figure 1 Schematic showing general design components for the radon detection system.
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is performed for each time interval to determine the radon concentration for each of the
isotopes during that interval.

3.  OPERATION
    

The output from each of the two detectors can be described in its simplest form as two
linear equations in two unknowns. 

where,

C1, C2 = observed counts for the first and the second cell, respectively during a
measurement period.

R, T = number of disintegrations of 222Rn (R) and 220Rn (T) that occurred during
the measurement period in the first cell.  These variables represent direct
decays of the radon parent atoms.

αR, αT = number of alpha emissions per decay of 222Rn and 220Rn, respectively,
including those emitted by progeny that have deposited within the
chamber.

E1, E2 = detection efficiency for the first and second cell (counts per alpha decay).
As used in these general equations, the detection efficiencies are average
efficiencies and represent the combined detection ability for the gaseous
radon and the progeny attached to the walls of the cells.
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( ) ( )C R T f k R k R k T P P BG P A C D R T2 2 2 22= + + + + + + +Λ Λ Λε ε , (3)

( ) ( )C R T f k R k R k T P P BG P A C D R T1 1 1 12= + + + + + + +ε ε , (2)

Λ = decay factor for 220Rn while passing from the first to the second cell.
(This is an experimentally determined value and is unique for a given
system and flow rate.)

B1, B2 = Background counts expected for each cell during the measurement
period.

3.1 System Response

Equation 1 provides a simple description of the system but is only accurate when
generalized assumptions are applied.  For example, it must be assumed that the detection
efficiency for the radon gas and the daughter products plated to the inside of a cell are the
same and also that all progeny produced inside a cell remain there.  Another limitation is
that a 3 to 4 hour sampling period is needed for 222Rn so that the progeny activities have
time to equilibrate with the parent.  A more exact description of the system can be derived
when an iterative measurement method is used.  Since such a system is designed to collect
data on a periodic interval, a solution can be formulated which tracks the independent
contributions from each of the isotopes being measured.  The following equation set
describes the output from the cells in a more exact manner and references all sources of
counts as separate parameters by allowing use of the results from previous measurements.

and

where,

εG1,εG2 = detection efficiency for decays occurring in the gas (G) for the first and
second cell, respectively.

εP1,εP2 = detection efficiency for decays occurring from progeny atoms that have
plated to the walls of the cells for the first and second cell, respectively.
This includes all progeny of the two radon isotopes with the exception
of the first 220Rn daughter, 216Po, which is assumed to primarily
undergo decay while still in the gas since its half life is only 0.15
seconds.

f = plate-out fraction for the progeny.  This factor represents the fraction
of daughter atoms produced in a cell that will plate to the inside walls.
The factor will be equivalent for two identical cells at a given flow
rate.

kA, kC, kD = constants predicting the number of decays for each daughter during the
count interval as a function of the number of radon parent decays that
occurred.  The factors are pre-determined constants for a given time
interval and only account for atoms produced directly by radon decays
during the interval — e.g., decays of progeny present in the cells from
previous intervals are not included.  The factors represent decays of the
following daughters: kA = 218Po (Ra-A), kC = 214Po (Ra-CN) and kD =
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212Bi (Th-C).  Note that there is the equivalent of one alpha decay for
each decay of these daughters.  Valid values for kA, kC, and kD are given
in Table 1 and are further described in a later section.

PR, PT = number of alpha decays during the count interval from long lived
progeny that were present in the first cell prior to the start of the
interval.

The number of alpha decays, PR and PT, that occur during the count interval as a result
of radon progeny produced prior to the measurement period can be calculated as

and

Where,

RAi, RCi, TDi = activity at the start of the interval, in disintegrations per minute
(dpm), for each of the radon progeny of interest in the first cell.
These parameters correlate to the isotopes 218Po (RA), 214Bi (RC) and
212Bi (TD), respectively.  The activities are calculated for the start of
each interval by use of information from prior intervals as

and

Note that these values are calculated as if all of the progeny plate to the
inside of the cells— e.g. as if f = 1.  The plate out fraction, f, is
accounted for separately in Equations 2 and 3.
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λx = decay constant for each daughter of interest (min-1).  
218Po (λA) = 2.3e-01 min-1

214Pb (λB) = 2.6e-02 min-1

214Bi (λC) = 3.5e-02 min-1

212Pb (λTB
) = 1.1e-03 min-1

212Bi (λD) = 1.1e-02 min-1

t = length of the count interval being used (min)
Ri-1, Ti-1 = decays of each radon isotope, 222Rn (R) or 220Rn (T), observed during

the previous measurement interval.
jA, jC, jD = constant for the time interval, t, that predicts the daughter equilibrium

activity that would accrue due to radon decays during the period. Each
constant is pre-determined as a function of the interval length chosen
and is expressed as a ratio of the daughter activity to the measured
radon or thoron activity, R/t and T/t.  The constants therefore have a
unity dimension. Values for jA, jC, and jD as a function of the length of
time interval used are given in Table 1.

Equations 2 and 3 can be rearranged and solved as a system of two linear equations
in two unknowns.  Introducing substitutions as

and

a solution for the number of decays during a count interval, due solely to 220Rn in the first
cell, can be calculated as

Once the result for T has been determined, the value can be directly substituted into
Equation 2 to solve for the number of decays during the count interval due solely to 222Rn,
R.  A valid solution is
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The constants kA, kC, kD, jA, jC, and jD are pre-determined based on known empirical
relationships between the radon isotopes and their progeny.  The k coefficients give the
number of decays that are expected for each of the alpha emitting progeny, neglecting
plate-out percentage, as a direct function of the total number of radon decays during the
interval.  The k coefficients only predict decays of daughter atoms generated as a direct
result of radon transformations during the interval being evaluated and do not account for
progeny created during previous intervals. A list of valid k values is listed in Table 1 for
each alpha emitting daughter as a function of the time interval used when collecting
measurements.  As an example of how these coefficients apply, consider a 30 minute count
interval and assume that the number of 222Rn decays during that time interval was 20 and
the number of 220Rn decays was also equal to 20.  Referencing Table 1, appropriate values
of kC and kD for a 30 minute interval are 0.063 and 0.00019, respectively.  The number of
214Bi (Ra-C) decays that would be expected to occur as a result of 222Rn decays during the
same interval would be 20 × 0.06, which would result in about 1 alpha emission.  Similarly,
the number of 212Bi (Th-C) atoms that would be expected to decay as a result of the
twenty 220Rn transformations would be 20 × 0.002;  resulting in less than one alpha
emission after summing both the 212Bi and subsequent 212Po transformations.

The j coefficients are pre-determined constants for estimating decays due to progeny
plated to the inside of cells from previous intervals.  The coefficients give the equilibrium
activity for each daughter of interest that will accrue during a count interval, neglecting
plate out percentage, and are a direct function of the parent radon activities during the
period.  A listing of coefficients is given in Table 1 as a function of the selected time
interval used when collecting measurements.  This parameter is used in Equations 6, 7 and
8 to determine the activity of each daughter in the first cell at the start of an interval.  These
activities, in turn, are used in Equations 4 and 5 to determine the number of decays
expected from each daughter during the period.  As an example, suppose that an interval
length of 30 minutes was being used and that the measured 222Rn decays, R, during an
interval was determined to be 30. This would equate to a 222Rn decay rate, PR, of 30 decays
in 30 min, or 1 dpm.  Equation 3 would then used to estimate the activity of  218Po (Ra-A)
for the start of the next period by use of a jA  coefficient of 1.0.  Assuming that no progeny
existed prior to the start of the period, the equilibrium activity of 218Po that would have
existed at the end of the interval would therefore have been approximately 1 dpm.

3.2 Calculating 222Rn Concentration

Following the collection of data, the output from the system must be analyzed to
determine the concentrations of 222Rn and 220Rn in the sampled air. This can be performed
by either the collection system or by post-processing the accumulated count data at a later
time. 

The decay rate of 222Rn in the cells is assumed to be equal to the activity in the air
volume being sampled. This assumption can be made since the half-life of the 222Rn is very
long compared to the transit time through the measurement cells.  The concentration of
222Rn in the sampled air is calculated by accounting for the cell volume and count time as
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RA represents the concentration of 222Rn in the sampled air (dpm/L), V is the volume
of the scintillation cell (L) while t, as in other equations, is the length of the sample count
interval (min).  

The number of decays of 222Rn, R, is calculated from the net result of counts after
contributions from progeny decays have been subtracted.   An estimate of measurement
error for 222Rn results can be determined with less variability if the count contributions
from the progeny decays are used. The total counts observed as a result of 222Rn and
subsequent progeny decays during the measurement interval will be

CR represents the total counts created by 222Rn that entered the system during the
measurement interval and can be used to estimate counting statisitics., i.e., measurement
error.  Note that count contributions from progeny created during prior time intervals are
not included in CR.  For long count intervals during conditions where the radon
concentration is not changing much, say on the order of 3 to 4 hours, the progeny will be
in near secular equilibrium with the radon and CR will account for almost all decays of
222Rn and its progeny.

3.3 Calculating 220Rn Concentration

The half-life of 220Rn is sufficiently short so that, except at a very high flow rate, an
appreciable amount of decay is expected to occur during transit through a cell. The
observed counts from 220Rn decays, T, over the measurement interval, t, is actually the
average decay rate in the first cell and does not necessarily represent the activity in the air
volume being sampled. To calculate the 220Rn concentration in the air volume at the point
of input, a correction must be made for decay occurring before and during transit through
the first cell. The observed 220Rn decays, T, can be represented mathematically as

In this equation τ  represents the average transit time, in minutes, for atoms between the
input and the output of the first cell (cell A in Fig. 1), TA is the concentration of 220Rn in the
air entering the first cell (dpm/L), V is the volume of the cell (L) and λ is the decay constant
for 220Rn (0.76/min). Solving and rearranging gives the concentration of 220Rn in the input
air, TA, as:
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τ
υ

=
V

(21)

Assuming that a relatively uniform mixing condition occurs within a cell, the mean
transit time, τ, can be estimated by dividing the cell volume, V (L), by the volumetric flow
rate of the air, ν (L/min), as

The mean transit time, τ, can also be measured during calibration. A measurement
would be collected in a 220Rn atmosphere with and without a cell at the input to the system.
The difference between the two measurements would be due solely to the decay of 220Rn
within the added cell. Given this, together with the known 55-s half-life of 220Rn, the mean
transit time through the cell can be calculated.

Due to the stochastic nature of radioactive decay, the output from the system will often
show negative results for one of the isotopes. Since this is not physically possible, an
imposed logic can be used to correct the results. The logic is simple: if the result for one
of the nuclides is negative, then assume that all of the activity is due to the presence of the
other radon isotope. The result for this nuclide is then calculated while assuming that the
other is not present. Following this method results in better statistics when only one of the
radon isotopes is present at a detectable concentration.

4. CALIBRATION

Calibration methods are not discussed in detail since it is beyond the scope of this
paper, however a brief summary of the parameters that must be determined is included for
reference.

4.1 Flow Rate

The exact flow rate of the pump is not important, but the flow must remain relatively
constant from the time of calibration since the decay coefficient, Λ, will be dependant on
the rate of air movement between the first and second cell. When first testing the described
method, a flow rate of -0.5 L/m was chosen such that the plate-out fraction would be high.
Using this rate with -300 mL cells, the plate-out coefficient was determined to be unity
(e.g., the equilibrated activity of long-lived progeny was found to be equal to the activity
of the radon in the cell).

4.2 Detection Efficiency

The detection efficiency for scintillation cells can be determined by using a flow-
through222Rn source, a standard calibration chamber or by injecting a well characterized
222Rn sample into the unit and counting. The efficiency for decays in the gas as well as
decays from daughters plated to the walls of the cells should be considered independently.
If the two efficiencies are similar, then solutions to Equations 2 and 3 can be simplified.
Similarly, if the two cells being used demonstrate very similar detection efficiencies then
the equations can be reduced even further.
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Λ '
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. (22)

4.3 Decay Factor

The decay factor can be measured by sampling an atmosphere of 220Rn with the unit
configured as depicted in Fig. 1. The exact concentration is not important since only the
relative response between the two cells is needed for the flow rate selected. The decay
factor, Λ, is calculated as:

4.4 Plate-out Factor

The plate-out factor, f, is the fraction of daughter products that plate to the cell wall
and will be a fixed value for a given cell design and flow rate.  For low flow rates, say on
the order of a liter per minute, this factor will typically be at or near unity—  meaning that
all progeny created inside of the cell remain there.  This factor can be determined by
exposing a cell for a period of four or more hours to 222Rn at a flow rate of interest and
then, following a complete purge with radon-free gas, comparing the rate of decreasing
counts to that which would be expected if all progeny had indeed remained.

5. LABORATORY TEST & FIELD APPLICATION

A unit was assembled to determine the ability for separating each of the radon isotopes
and has since been used successfully for field measurements. A brief description of initial
tests is now discussed to give an applied perspective of the method.  A flow-through
cylinder containing 232Th was connected in series to the input of the test system for use as
a source for 220Rn. The flow rate was set at 0.3 L/min and data were collected at 1-min
intervals. A graphical representation of the measurements is given in Fig. 2. Note that the
raw count data have been converted to pCi/L alpha by accounting for the detection
efficiency of each detector. The results give the total activity observed in each of the cells
and are useful for determining the decay factor, Λ, as used in Eq. (1).

The unit was then tested under conditions where both 222Rn and 220Rn were
simultaneously present at elevated levels. A flow-through cylinder containing 226Ra was
used as the source for 222Rn in conjunction with the 232Th source described above. During
the test, a relatively low concentration of 220Rn was used by diluting the output from the
flow-through source into a larger volume. This was purposely done so that the separation
ability for the two radon isotopes could be tested under conditions where the ratio between
the concentration of 222Rn to 220Rn was high. The 220Rn was turned on and measured alone
for a few minutes prior to turning on flow through the 222Rn source. The 222Rn
concentration was allowed to gradually decrease for approximately 12 hours while still
collecting data. The 220Rn was then shut off and data were collected while only 222Rn was
being input to the system. Finally, all radon input flow was stopped and the system was
purged with fresh air. Continued collection of the system output was performed while the
longer-lived 222Rn progeny decayed away inside the detectors. The direct, uncorrected
measurement data are depicted in Fig. 3.
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The experimental unit was packaged and placed in a building where 233U material had
been used as part of a past operation at Oak Ridge National Laboratory (ORNL).  232U is
a contaminant in this material and, as a result, 220Rn is an eventual decay product.  The unit
has been used to monitor the air in an area undergoing preparations for cleanup operations
and operated successfully in a continuous mode for well over a year.

6. SUMMARY

A method is described for continuous and simultaneous measurement of 220Rn and
222Rn in air using scintillation flasks.  The method involves air being pumped through two
scintillation flasks, or cells, assembled in a serial flow pattern and uses difference of  half
lives to determine the concentration of each radon isotope in the sampled air volume.  A
unit was assembled and tested  to determine the ability for separating signals in the
simultaneous presence of the two radon isotopes and was used at a facility where 220Rn
presented a worker exposure issue. Using the method presented, systems can be easily built
using off-the-shelf components that are expected to provide stable and sensitive
measurement results over a wide variety of environmental conditions.  Finally, the
approach makes use of isotope-independent calibration factors and could easily be
modified for use with a single detector when only one of the radon isotopes is expected to
be present.
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Table 1.  Coefficients for relating the decays of radon progeny during a
count interval.

Measurement
Interval 

(min)

kA kC kD jA jB1
jB2

5 4.7e-01 1.1e-03 8.5e-05 7.0e-01 5.8e-02 6.4e-02

10 6.5e-01 5.9e-03 2.6e-04 9.0e-01 1.5e-01 7.7e-02

15 7.5e-01 1.2e-02 5.4e-04 9.6e-01 2.4e-01 7.3e-02

30 8.7e-01 6.3e-02 1.9e-03 1.0e+00 4.9e-01 5.2e-02

60 9.4e-01 2.0e-01 6.5e-03 1.0e+00 7.6e-01 2.4e-02

120 9.7e-01 4.5e-01 2.9e-03 1.0e+00 9.5e-01 5.1e-03

180 9.8e-01 6.1e-01 5.3e-02 1.0e+00 9.9e-01 1.1e-03

360 9.9e-01 8.0e-01 1.3e-01 1.0e+00 1.0e+00 1.0e-05

480 9.9e-01 8.5e-01 1.8e-01 1.0e+00 1.0e+00 4.6e-07

jC1
jC2

jC3
jTB

jD1
jD2

5 4.8e-03 7.4e-03 1.5e-01 5.0e-03 1.8e-04 5.5e-02

10 2.2e-02 1.8e-02 2.6e-01 1.1e-02 6.5e-04 1.1e-01

15 5.1e-02 2.7e-02 3.3e-01 1.6e-02 1.4e-03 1.5e-01

30 2.0e-01 4.1e-02 4.2e-01 3.2e-02 5.1e-03 2.9e-01

60 5.1e-01 3.7e-02 3.4e-01 6.3e-02 1.8e-02 4.8e-01

120 8.7e-01 1.2e-02 1.1e-01 1.2e-01 6.3e-02 6.9e-01

180 9.7e-01 2.9e-03 2.6e-02 1.8e-01 1.1e-01 7.6e-01

360 1.0e+00 3.3e-05 2.9e-04 3.2e-01 2.7e-01 7.3e-01

480 1.0e+00 9.4e-07 4.1e-06 4.1e-01 3.5e-01 6.3e-01
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Fig. 3. Results for measurements with a test unit exposed to a high concentration
of 222Rn and a low concentration of 220Rn. This test was performed to evaluate the ability
of the unit to discriminate 220Rn in the presence of a high concentration of 222Rn. The direct
data represent the total activity observed in the first cell as shown in Fig. 1 while the
decayed data are for the second cell.  The concentrations have not been determined.
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     Fig. 2. Results for measurements with a test unit when exposed to only
220Rn. This test was performed to determine the decay factor, Λ, for the
experimental system. The direct data represent the total activity observed in the
first cell as shown in Fig. 1 while the decayed data are for the second cell.  The
concentrations have not been determined.


