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FOREWORD

Reliable, comparable and ‘fit for purpose’ results are an essential requirement for any
decision based on analytical measurements. For the analyst, the availability of tested and
validated analytical procedures is a extremely important tool for production of such analytical
measurements. For maximum utility, such procedures should be comprehensive, clearly
formulated, and readily available to both the analyst and the customer for reference.
Since 2004 the Environment programme of the IAEA has included activities aimed at
the development of a set of procedures for the determination of radionuclides in terrestrial
environmental samples. In the case of 210Po, this started with the collection and review of
about 130 papers from the scientific literature. Based on this review, two candidate methods
for the chemical separation of 210Po from water samples were selected for testing, refinement
and validation in accordance with ISO guidelines. A comprehensive methodology for
calculation of results including quantification of measurement uncertainty was also
developed. This report presents the final procedure which was developed based on that work.
The IAEA wishes to thank all the participants for their valuable contributions to develop
the procedure and review the document. The IAEA officer responsible for this publication
was C.-K. Kim of the Agency’s Laboratories, Seibersdorf, Austria.
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1.

INTRODUCTION

Polonium-210 is a naturally occurring alpha emitter and exists in the environment as a result
of the 210Pb decay within the 238U decay chain (Fig. 1). Polonium has 25 known radioactive
isotopes with mass numbers of 192 to 218, of which only the 208, 209 and 210 isotopes have
half-lives longer than 1 day (Table 1). Of these three, it is 210Po which is of most interest from
an environmental impact viewpoint, and its measurement is the subject of this report.
210

Po is considered to be one of the most toxic naturally occurring radionuclides [1], and one
of the most important environmental radionuclides due to its wide distribution and potential
for human radiation exposure through ingestion and inhalation [2-3]. In addition, for many
sample types (for example, soils and sediments) determination of 210Po is commonly used as a
means of determining its progenitor 210Pb.

The results of a recent proficiency test organized by the IAEA demonstrated that a number of
laboratories are experiencing difficulties in obtaining reliable results for 210Po determination
in water samples [4]. This is most likely due in part to the limited number of methods
available for its determination, the most commonly used being alpha-particle spectrometry
[5]. In addition, there is a general lack of suitable, recently characterized reference materials
for use in quality control.
As a part of its activities to support its Member State laboratories, the IAEA is developing a
set of procedures for determination of selected radionuclides in environmental samples. In the
case of 210Po, this started with the collection and review of about 130 papers from the
scientific literature [5]. Based on this review, two candidate methods for determination of
210
Po in water samples were selected for testing, refinement and validation. The results of this
work are the subject of this report.
For determination of a low level activity concentration of 210Po in a water sample, it is
necessary to handle a large volume of sample. Direct evaporation of water samples has been
used for reducing a small volume as a simple process [6-7]. However, this method is very
time consuming for a large amount of a sample (> 1 L). Therefore, co-precipitation with iron
hydroxide [8-9], or MnO2 [10-12] have commonly been used to preconcentrate Po from water
samples. When iron hydroxide is used for preconcentration, it is necessary to remove Fe from
the sample solution using a solvent extraction step with an extractant such as di-isopropyl
ether [8], because bulk iron may interfere with the purification of Po using solvent extraction
or extraction chromatography as well as in the auto-deposition of Po. In the case that MnO2 is
used, manganese can be removed easily from Po by several alternative chemical separation
procedures. Therefore, in this work MnO2 co-precipitation was selected as the method for
preconcentration.
Two Po separation procedures, based on diethylammonium diethyldithiocarbamate (DDTC)
solvent extraction (DDTC-SE) [12] and extraction chromatography using Sr-resin (Sr-EC)
[13], were selected for testing. Reports in the literature indicate that both methods have been
successfully used for determination of 210Po in a variety of sample matrices [7, 14-16]. The
method validation of both methods was carried out in terms of trueness, repeatability and
reproducibility with tap water spiked with a known amount of 210Po.

1

Fig. 1. The uranium decay series.
TABLE 1. RELEVANT DECAY DATA FOR 208Po, 209Po AND 210Po

Radionuclides
208

Po

Half-life1)
(T1/2)

Disintegration
modes

Eα (MeV)

Intensity (%)

Reference

2.898 y (2)

α : 99.99777%

5.1149(14)

99.9956(4)

[20]

4.220(15)

2.4 x 10-4(7)

4.885(2)

19.7(20)

4.883(2)

79(8)

4.622(5)

0.551(6)

4.310(15)

1.5 x 10-4(4)

4.110(15)

5.6 x 10-4(4)

5.40746(7)

99.99876(4)

4.60436(9)

1.24 x 10-3(4)

ε : 4.0E-3%
209

Po

102 y (5)

α : 99.52%

[20]

ε : 0.48%
210

Po

138.376 d (2)

α : 100%

α: α-decay, ε: electron capture,
1)
The number in brackets gives the uncertainty of the last digit.
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[23]

2.

SCOPE

This report describes a method for measuring 210Po in freshwater by alpha-particle
spectrometry using chemical separation techniques. The method validation was carried out
using spiked tap water which has similar components as given in Table 2. The detection limit
of the method is 2 mBq L-1, assuming the counting efficiency is 25%, the counting time is
250,000 s and 0.5 L of sample is analysed. Sample volumes up to 10 L can be processed by
this method. The method was validated in an activity range of 10 to1200 mBq L-1 of 210Po.
TABLE 2. SEMI-QUANTITATIVE ANALYTICAL RESULT OF ELEMENTS IN THE TAP WATER OF
IAEA’S LABORATORIES, SEIBERSDORF, AUSTRIA BY ICP-MS

Elements

Concentration (μg L-1)

Ca

93.1 x 103

Mg

26.0 x 103

Na

9.51 x 103

K

7.04 x 103

Al

2.80

As

0.59

Ba

54.4

Br

103

Cr

15.5

Cu

5.16

Mn

1.20

Pb

0.15

Se

2.01

Si

1.08 x 103

Sr

493

U

11.3

Zn

56.4
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3.

NORMATIVE REFERENCES

•

ISO 18589-4 (Draft), 2007. Measurement of radioactivity in the environment – Soil –
Part 4: Measurement of plutonium isotopes (plutonium 238 and plutonium 239+240)
by alpha spectrometry.

•

ISO 11929-7, 2005. Determination of the detection limit and decision threshold for
ionizing radiation measurement – Part 7: Fundamentals and general applications.

•

ISO/TS 21748, 2004. Guidance for the use of repeatability, reproducibility and
trueness estimates in measurement uncertainty estimation

•

ISO/IEC Guide 98-3:2008. Guide to the expression of uncertainty in measurement.

•

ISO 5725-2, 1994. Accuracy (trueness and precision) of measurement methods and
results - Part 2: Basic method for the determination of repeatability and reproducibility
of a standard measurement method

•

ISO 5725-1, 1994. Accuracy (trueness and precision) of measurement methods and
results - Part 1: General principles and definitions

•

ISO 5725-4, 1994. Accuracy (trueness and precision) of measurement methods and
results - Part 4: Basic methods for the determination of the trueness of a standard
measurement method

•

ISO 7870, 1993. Control charts – General guide and introduction

•

ISO 7966, 1993. Acceptance control charts

4.

RESPONSIBILITIES

It is the responsibility of the analyst to follow this procedure and to establish appropriate
safety and health practices. Compliance with national and internal rules for chemical and
radiological safety is obligatory.

5.

TERMS AND DEFINITIONS, SYMBOLS AND ABBREVIATIONS

In the following, u(x) indicates the uncertainty in quantity x:
cPo, 0 and u(cPo, 0): activity concentration of 210Po on the sampling date [Bq L-1]
cPb, 0 and u(cPb, 0): activity concentration of 210Pb on the sampling date [Bq L-1]
cPo, 1 and u(cPo, 1): activity concentration of 210Po on the separation date [Bq L-1]
aT and u(aT): certified specific activity of 209Po tracer on the reference date [Bq g-1]
a*: decision threshold [Bq L-1]
a#: detection limit [Bq L-1]
4

c: certified activity concentration of 210Po in the spiked sample [Bq L-1]
fT and u(fT): correction factor for decay of 209Po tracer during elapsed time between the
reference date of the tracer and the separation date of Po
f2-Po and u(f2-Po): correction factor for decay of 210Po during elapsed time between the
separation date of 210Po and the beginning of the measurement
f3-Po and u(f3-Po): correction factor for decay of 210Po over the counting time
mT and u(mT): mass of 209Po tracer solution added [g]
VS and u(VS): sample volume [L]
R and u(R): chemical recovery of Po
RL: Reproducibility limit [Bq L-1]
rL: Repeatability limit [Bq L-1]
ROI: region of interest
rn and u(rn): net count rates in ROIs of 210Po [s-1]
rnt and u(rnt): net count rates in ROIs of 209Po [s-1]
rg and u(rg): gross count rates in ROIs of 210Po [s-1]
rgt and u(rgt): gross count rates in ROIs of 209Po [s-1]
r0 and u(r0): count rates of blank in ROIs of 210Po [s-1]
r0t and u(r0t): count rates of blank in ROIs of 209Po tracer [s-1]
Sr : standard deviation of repeatability [Bq L-1]
SR : standard deviation of reproducibility [Bq L-1]
t0 : counting time of the blank [s]
tT : time interval between the reference date for 209Po tracer and the separation date [d]
t1-Po : time interval between the sampling date and the separation date [d]
t2-Po : time interval between the separation date of 210Po and the start of the measurement [d]
t3-Po : counting time of the sample [d]
X r : mean of measurement values in the repeatability test [Bq L-1]

X R : mean of measurement values in the reproducibility test [Bq L-1]

Xi: individual measurement value of the spiked sample [Bq L-1]
λPb and u(λPb): decay constant of 210Pb [d-1]
λT and u(λT): decay constant of 209Po tracer [d-1]
λPo and u(λPo): decay constant of 210Po [d-1]
δ: relative bias of the test method [%]

ε: counting efficiency of the α-particle detector
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6.

PRINCIPLE

The activity concentration of 210Po is determined by alpha-particle spectrometry. The
procedure involves the following major steps:
1. Sample preparation, including co-precipitation with MnO2 in order to concentrate the
Po from the bulk sample.
2. Chemical separation and purification of the polonium in order to avoid interference
from natural or artificial alpha emitters and stable elements in the test sample.
3. Source preparation by auto-deposition of Po onto a silver disk.
4. Measurement in an alpha spectrometer.
5. Calculation of the analytical result and combined uncertainty.
The chemical separation of polonium is carried out by one of two alternative methods: (a)
DDTC (Diethylammonium diethyldithiocarbamate) solvent extraction [12], or (b) Sr-resin
extraction chromatography [13]. The chemical separation step improves the reliability of the
procedure in terms of both Po recovery and spectrum peak resolution by removing interfering
elements present in the sample.
Auto-deposition onto silver disks is the most commonly used form of source preparation for
determination of 210Po by alpha-particle spectrometry as it is simple and ensures separation of
Po from other alpha-emitting radionuclides and matrix elements which may not have been
completely separated in the chemical separation step. The auto-deposition of Po is also
possible onto disks of copper, stainless steel, or nickel but with a drop in deposition efficiency
of about 7-8% under the same conditions [17].

7.

CHEMICAL REAGENTS AND EQUIPMENT

7.1. Tracers
The two tracers commonly used for 210Po determination are 208Po and 209Po. 209Po has a clear
advantage over 208Po in energy separation from the 210Po peak (Table 1) and is the preferred
tracer, if available. It should also be noted that 208Po solutions normally contain trace
activities of 209Po. Unfortunately the long half-life of 209Po has a disadvantage in relation to
detector contamination. Due to its volatility, atoms of polonium readily leave the source disk
in the vacuum of the counting chamber, thereby a significant fraction can drift to the detector.
Otherwise, 208Po solution normally contains trace activity of 209Po.
7.2. Equipment
•
•
•
•
•
•
•
•
6

Alpha spectrometer (PIPS detector)
Vacuum pump
Auto-deposition system
Analytical balances with accuracies of (a) 0.1 mg and (b) 0.01 g
Hot plate
Centrifuge
Silver disk (Ø: 17 mm)
Water bath with temperature controller

7.3. Chemical reagents
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

0.2 mol L-1 KMnO4
25 % NH4OH
6 mol L-1 NaOH
0.3 mol L-1 MnCl2
H2O2 (30 %)
1 % H2O2 in 2 mol L-1 HCl
1 % H2O2 in 5 mol L-1 HCl
HCl (32 %)
5 mol L-1 HCl
2 mol L-1 HCl
0.5 mol L-1 HCl
HNO3 (65 %)
1 mol L-1 HNO3
0.1 % DDTC (diethylammonium diethyldithiocarbamate) in CH3CCl3
208
Po or 209Po tracer
210
Po certified standard solution
Ascorbic acid

The preparation of chemical reagents is described in Annex. All the chemical reagents needed
to carry out this procedure must be analytical grade.

8.

PRECAUTIONS

The time delay between sample collection and analysis should be kept as short as possible. In
the case that the sample 210Po/210Pb activity ratio is of the order of 0.1, the separation of 210Po
from 210Pb should be carried out within at most 15 days after sampling in order to achieve a
10 % relative standard uncertainty (for explanation see Section 10.2.).

9.

PROCEDURE

9.1. Sample preparation using MnO2 co-precipitation (see Fig. 2)
The MnO2 precipitation method given here is that of Bojanowski et al [18].
a) Filter sample with a membrane filter (pore size: 0.45 μm) and acidify a known aliquot
of sample with 32 % HCl to pH≤2.
b) Add the tracer, vigorously stir for 2 hours to ensure tracer equilibrium.
c) Add 1 mL of 0.2 mol L-1 KMnO4 and 1 mL of 0.3 mol L-1 MnCl2 when the sample
volume is 0.5 – 2 L or 0.2 mL of each reagent, if smaller volumes are analyzed (0.1 –
0.5 L). Sample volumes up to 10 L can be processed when the amounts of reagents are
scaled up accordingly and stirred for one hour.
d) Adjust the pH to 8 – 9 with 25 % NH4OH.
7

e)
f)
g)
h)

Allow the precipitate to settle (overnight).
Remove the supernatant by suction or decantation.
Collect the precipitate by centrifuging or filtration.
Dissolve the precipitate with 20 mL of 1 % H2O2 in
(a) 5 mol L-1 HCl for DDTC solvent extraction, or
(b) 2 mol L-1 HCl for Sr-resin extraction chromatography.
i) Gently heat the sample solution covered with a watch glass on a hot plate for 30 min
to decompose H2O2.
j) Prepare at least one blank for each batch of samples with 210Po free deionized water.
The blank should be treated by the procedure described in steps a) to i).
k) Proceed to step 9.2. Chemical separation.

Sample
Acidify the sample with 32 % HCl
Spike 209Po tracer
Stirring for 2 hours
1 ml 0.3 mol L-1 MnCl2
Sample
preparation

1 ml 0.2 mol L-1 KMnO4
Adjust pH 8-9
MnO2 precipitation
Dissolve in 20 ml of 1 % H2O2 in 5 mol L-1 HCl
Heat for 0.5 hours
Cool down at room temperature
Extract Po with 10 ml
0.1 % DDTC in CH3CCl3

Chemical
separation

Evaporate to dryness
Dissolve in 10 ml 0.5 mol L-1 HCl
Add about 50 mg ascorbic acid

Source
preparation

Measurement

Auto-deposition on silver plate at
90 oC for 1.5 hours

Measurement of 210Po by
alpha-spectrometry

Fig. 2. A flow chart for chemical separation of Po by DDTC solvent extraction.
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9.2. Chemical separation
Chemical separation involves use of one of the two following alternative procedures. The date
of separation must be recorded as it is the date of separation of 210Po from its parents 210Pb
and 210Bi.
9.2.1.

Solvent (DDTC) extraction (see Fig. 2)

a) Transfer the sample solution obtained from step 9.1. into a separate funnel and wash
the beaker with 2 x 5 mL of 5 mol L-1 HCl to give a total volume of 30 mL.
b) Add a small amount (10-50 mg) of ascorbic acid to the sample solution until the
disappearance of the yellow color (reduce Fe3+ to Fe2+), if the sample solution is
yellow colored.
c) Extract Po with 10 mL of 0.1 % DDTC in CH3CCl3 by shaking for 2 minutes.
d) Extract twice with 20 mL of 0.1 % DDTC in CH3CCl3. If the organic phase is
colored, extract with further aliquots until it is colorless.
e) Combine the DDTC/ CH3CCl3 portions.
f) Evaporate to dryness at a temperature less than 100 oC.
g) Record the separation date of Po from Bi and Pb.
h) Radioisotopes of Pb, Ra, Th, U, and Ac may be determined in the remaining aqueous
phase.
i) Carefully add 2 mL of 65 % HNO3.
j) Heat the solution covered with a watch glass for ~15 min and then evaporate to
dryness.
k) Dissolve the residue in 10 mL of 0.5 mol L-1 HCl.
l) Proceed to step 9.3. Source preparation.
9.2.2.

Extraction chromatography (Sr-resin) (see Fig. 3)

a) Soak 3 g of Sr-resin (100 – 150 µm) in distilled water for 1 – 2 h, then fill into a
chromatographic column (inner diameter 10 mm x 10 cm length) and wash with 100
mL of 1 mol L-1 HNO3. The column is preconditioned with 100 mL of 2 mol L-1 HCl.
To regenerate a used column, wash the column with 100 mL of distilled water, 100
mL of EDTA (pH adjusted to 7 with NH4OH) and 100 mL of distilled water before
preconditioning with 100 mL of 2 mol L-1 HCl.
b) Load the sample solution obtained from step 9.1. on the Sr column preconditioned in
advance and rinse the beaker with 50 mL of 2 mol L-1 HCl and pass the washing
solution through the Sr column.
c) Wash the column with 50 mL of 2 mol L-1 HCl.
d) Elute sequentially Po with 60 mL of 6 mol L-1 HNO3 and Pb with 60 ml of 6 mol L-1
HCl.
e) Record the separation date of Po from Bi and Pb.
f) Evaporate the Po fraction nearly to dryness at about 120 °C.
g) Add 1 mL of 65 % HNO3, and a few drops of 30 % H2O2, leave to dryness.
h) Add 1 mL of 65 % HNO3 and 1 mL of 32 % HCl and then evaporate to dryness.
i) Add 1 mL of 65 % HNO3 and then evaporate to dryness.
j) Repeat the steps g) – i) until a small amount of organic material disappears.
k) Dissolve the residue in 10 mL of 0.5 mol L-1 HCl.
l) Proceed to step 9.3. Source preparation.
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Sample
Acidify the sample with 32 % HCl
Spike 209Po tracer
Stirring for 2 hours
1 ml 0.3 mol L-1 MnCl2
1 ml 0.2 mol L-1 KMnO4
Adjust pH 8-9

Sample
preparation

MnO2 precipitation
Dissolve in 20 ml of 1% H2O2 in 2 mol L-1 HCl
Heat for 0.5 hours
Cool down at room temperature
Sr-resin column
(φ: 10 mm, length: 10 cm)
Precondition with 100 ml 2 mol L-1 HCl
Load the sample solution

Chemical
separation

Wash with 100 ml 2 mol L-1 HCl
Wash with 25 ml 6 mol L-1 HNO3
Elute Po with 60 ml 6 mol L-1 HNO3
210

Source
preparation

Pb analysis

Elute Pb with 60 ml 6 mol L-1 HCl

Auto-deposition on silver plate
at 90 oC for 1.5 hours

Measurement

Measurement of 210Po by
alpha-spectrometry

Fig. 3. A flow chart for chemical separation of Po by Sr-resin extraction chromatography.
9.3. Source preparation
a) Place the clean and degreased silver disk (active area: 133 mm2) into the cap assembly
of the deposition cell (Teflon vial) (see Fig. 4).
b) Screw the Teflon vial with the cap assembly.
c) Fill the deposition cell with water to check for leaks.
d) Empty the deposition cell.
e) Add ~ 50 mg of ascorbic acid to the solution obtained from step 9.2.1. or 9.2.2. to
reduce Fe3+ to Fe2+.
f) Transfer the solution to the deposition cell.
g) Rinse the beaker with 2 x 2 mL of 0.5 mol L-1 HCl.
h) Adjust the pH to 1 – 2 with 5 mol L-1 HCl and 6 mol L-1 NaOH.
i) Place the deposition cell into a water bath at 90 °C for 90 min with mechanical stirring
or air bubbling.
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j) Remove the silver disk, wash with distilled water and dry.
k) Proceed to step 9.4. Measurement.
9.4. Measurement
The 210Po activity concentration is calculated by counting the sample source for an
appropriate time. The counting time depends on the sample and blank count rates and also the
detection limit and decision threshold required. The alpha spectra should be inspected to
confirm good peak resolution and no interfering peaks.
a) Introduce the source into the vacuum chamber and pump until a vacuum of about 0.5
Pa (5 x 10-3 mbar) is obtained. Then switch on the bias voltage to the detector.
b) Record the file name, sample information (e.g. code number, sample name, sample
mass, etc.).
c) Integrate the counts in the ROIs of tracer and 210Po. The alpha spectrum should be
similar to the one illustrated in Fig. 5. The FWHM of both peaks shall be typically in
the range of 25-30 keV for a 450 mm2 area detector.
d) Integrate the counts in the same ROIs of the sample spectrum in the blank spectrum.

1

2

3
4

5

1. Stirring bar
2. Teflon vial
3. Silver disk
4. Cap assembly
5. Water bath

Fig. 4. Diagram of an auto-deposition cell.
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Fig. 5. Typical polonium alpha spectrum with 209Po yield tracer.

10.

EXPRESSION OF RESULTS

10.1. Calculation of the activity concentration and the combined uncertainty of 210Po on
the separation date
The ratio of the net count rates of the 209Po and 210Po peaks is used to calculate the activity
concentration of 210Po in the sample on the date of chemical separation, taking into account
the specific activity of the tracer solution, the volume of the sample and the mass of the tracer
solution used, the decay of 210Po between separation and counting, and the decay of the tracer
between its calibration date and counting.
As shown in Figure 6, two decay correction factors, f2-Po and f3-Po, are considered for the
calculation of the activity concentration of 210Po on the separation date.

c Po ,1 =

aT ⋅ mT ⋅ rn
⋅ f T ⋅ f 2− Po ⋅ f 3− Po
VS ⋅ rnt

(1)

rn = r g − r 0

(2)

rn t = r g t − r 0 t

(3)
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The decay correction factors are calculated as follows:

fT = exp (-λT . tT)

(4)

f2-Po = exp (λPo . t2-Po)

(5)

f3-Po = λPo . t3-Po / (1 - exp(-λPo . t3-Po))

(6)

According to the Guide for the expression of Uncertainty in Measurement [19] the combined
uncertainty of the 210Po activity concentration on the separation date u(cPo, 1) is calculated
according equation (7):

u (c Po,1 ) = c Po,1 ⋅

u 2 (aT ) u 2 (rn ) u 2 (rnt ) u 2 (VS ) u 2 (mT ) u 2 ( f 2− Po ) u 2 ( f T ) u 2 ( f 3− Po )
+
+
+
+
+
+
+
aT2
rn2
rnt2
VS2
mT2
f 22− Po
f T2
f 32− Po

(7)

The uncertainties associated to the components of u(cPo, 1) can be calculated as follows:
u ( rn )

=

u ( r n t) =

r
t

g

+

3 − Po

rgt
t 3 − Po

+

r0
t0

(8)

r0t
t

(9)

0

u ( fT ) = fT ⋅ tT ⋅ u (λ T )

(10)

u ( f 2 − Po ) = f 2 − Po ⋅ t 2 − Po ⋅ u ( λ Po )

(11)


exp (− λ Po ⋅ t 3 − Po )  u ( λ Po )
u ( f 3 − Po ) = f 3 − Po ⋅ 1 − λ Po ⋅ t 3 − Po ⋅
⋅
1 − exp (− λ Po ⋅ t 3 − Po )  λ Po


(12)

As an example, the measurement uncertainty of
date is summarized in Table 3.
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Fig. 6. Time intervals between sampling date, separation date and measurement date.
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10.2. Calculation of the activity concentration and estimation of the combined
uncertainty of 210Po on the sampling date
In this section, the calculation of results back to the sampling date is discussed.
In order to determine the activity concentration of 210Po in an environmental sample on the
sampling date (cPo, 0), it is necessary to carry out the analysis within a limited time period after
sampling.
TABLE 3. AN EXAMPLE OF QUANTIFYING UNCERTAINTIES IN THE MEASUREMENT OF 210Po IN
SPIKED WATER SAMPLE BY ALPHA-PARTICLE SPECTROMETRY

Symbol,
unit

Value of
variable

uncertainty

Conversion factor
to standard
uncertainty

Standard
uncertainty
(u)

Percent contribution
to (uaT)2

rgt, s-1

1.2x10-3

1.0x10-4

1.0

1.0x10-4

35.9

r0t, s-1

1.3x10-5

2.0x10-6

1.0

2.0x10-6

0.03

rg, s-1

9.8x10-4

1.0x10-4

1.0

1.0x10-4

58.4

r0, s-1

8.5x10-5

2.0x10-5

1.0

2.0x10-5

5.11

0.942

4.0x10-3

1.0

4.0x10-3

0.21

mT, g

0.01005

1.0x10-4

√3

5.8x10-5

0.39

Vs, L

0.5

1.0x10-4

√6

4.1x10-5

0.00001

1.0

1.3x10

-5

negligible

7.2x10

-9

negligible

2.0x10

-4

negligible

-9

negligible
negligible

aT, Bq g-1

λT, d-1
λPo, d-1
fT

1.9x10

-5

5.0x10

-3

0.91254

1.3x10

-5

7.2x10

-9

2.0x10

-5
-9

1.0

7.3x10

1.0

1.0x10-8

f2-Po

1.005

7.3x10

f3-Po

1.0055

1.8x10-8

1.0
1.0

t2-Po, d

1.00

negligible

t3-Po, d

2.18

negligible

cPo, 1,
mBq L-1

13.1

1.2

In environmental samples the 210Po is often not in equilibrium with its 210Pb parent. If the
initial activity of 210Pb is much higher than the activity of 210Po, or the time period between
sampling and Po separation is long, the 210Po activity changes considerably from its initial
value at the sampling date due to the production of 210Po from the 210Pb decay and the decay
of the 210Po itself. This has to be considered in the calculation of decay correction of the 210Po
activity to the sampling date.
The uncertainty of 210Po calculated to the sampling date can be more significantly affected by
the time interval between the separation date and the sampling date in comparison with that of
210
Pb, due to the short half life of 210Po (138.38 d). Therefore we discuss here how the relative
14

standard uncertainty of 210Po on the sampling date varies with the time interval between the
sampling date and the separation date of Po under some assumptions.
As an example, it was assumed that the specific activity of 210Pb in the sample on the
sampling date was determined to be 130 mBq L-1 with a 10 % relative standard uncertainty
(u(cPb, 0)/cPb, 0), while the relative standard uncertainty (u(cPo, 1)/cPo, 1) of 210Po specific activity
on the separation date was 3 %. In this assumption only the activity contribution of 210Pb was
considered for the calculation of ingrowth of 210Po between sampling and separation, because
in most cases the major contributor to ingrowth over the delay period between sampling and
separation is 210Pb. 210Bi was assumed to be in secular equilibrium with 210Pb in the sample.
On the basis of these assumptions, the activity concentration of
to the sampling date by use of the following equation:

210

Po can be decay corrected



λ Po
c Po, 0 = c Po ,1 −
⋅ c Pb, 0 ⋅ exp(λ Pb t1− Po ) ⋅ [exp(− λ Pb t1− Po ) − exp(− λ Po t1− Po )] ⋅ exp(λ Po t1− Po )
λ Po − λ Pb



(13)

The activity concentration of 210Pb cPb, 0 can be determined by processing the aqueous
solution from 9.2.1 (d)/(h) or the eluate from 9.2.2. (d), respectively, e.g. according the
references [12], [13].
Differentiating equation (13) each partial derivative can be calculated as follows:

∂ c Po , 0
∂ c Po ,1
∂ c Po , 0
∂ c Pb , 0
∂ c Po , 0
∂ λ Pb
∂ c Po ,0
∂ λ Po

=I

(14)

= −λ Po ⋅ y

(15)

= J ⋅ (t1− Po ⋅ exp(λ Pb ⋅ t1− Po ) − y )

(16)



λ
= c Po ,1 ⋅ t1− Po ⋅ I − J  t1− Po ⋅ I − Pb ⋅ y 
λ Po 


(17)

where
I = exp(λ Po ⋅ t1− Po )

(18)

λPo
λPo − λPb

(19)

J = cPb ,0 ⋅

y=

1
⋅ [I − exp(λPb ⋅ t1− Po )] .
λPo − λPb

(20)
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Therefore, the combined uncertainty of 210Po activity concentration on the sampling date
u(cPo,0) can be calculated by the following formula:

u (cPo, 0 ) = I 2 ⋅ u 2 (cPo ,1 ) + (λPo y ) 2 ⋅ u 2 (cPb ,0 ) + J 2 (t1− Po exp(λPbt1− Po ) − y ) 2 ⋅ u 2 (λPb ) +
2


λPb  2
⋅ y ⋅ u (λPo )
cPo ,1 ⋅ t1− Po ⋅ I − J (t1− Po ⋅ I −
λPo 


(21)

Figure 7 shows how the relative standard uncertainty for 210Po on the sampling date changes
depending on the time interval between the sampling date and the Po separation date, for the
example case detailed above, the relative standard uncertainty increases exponentially with
the delay time interval. If the 210Po/210Pb activity ratio is 1, then the relative standard
uncertainty for 210Po corrected to the sampling date reaches 10 % for a sampling−separation
delay period of 120 days. However, in the case that the ratio is 0.1 (a typical ratio in rain
water [21, 22]), a 10 % relative standard uncertainty for 210Po is reached after only 16 days,
while in the case the ratio is 3, the relevant time period is 250 days from the sampling date
(Fig. 7).
As mentioned above, in these calculations 210Bi was assumed to be in secular equilibrium
with 210Pb in the sample. This is not always the case, for example in rainwater the 210Bi/210Pb
activity ratio is normally less than 1. In most cases this assumption causes only small errors.
However, it should be kept in mind that for some sample types where extreme disequilibria
may occur (for example, process waters from the mining industry) additional correction
factors may be required. In any case, the introduction of both quantifiable and unquantifiable
uncertainties may be minimised by keeping the time delay between sample collection and
analysis as short as possible.
10.3. Decision threshold

In accordance with ISO 11929-7, the decision threshold, a*, is obtained from the following
equation:
a* =

k1−α
r0
r
+ 0
VS ⋅ ε ⋅ R t 3− Po t 0

(22)

The quantil k1-α = 1.65 is often chosen by default for an error probability of the first kind of
0.05.
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Relative standard uncertainty of 210Po on sampling date: u(CPo, 0 )/CPo, 0
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Po / 210Pb = 3
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Po / 210Pb = 1
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Time interval between sampling date and separation date of Po [d]

Fig. 7. The variation of relative standard uncertainty (u(cPo, 0)/cPo, 0) in the measurement of
Po in a spiked water sample on sampling date with the time interval between the sampling
date and the separation time of Po (It is assumed that the 210Pb activity concentration is 130
mBq L-1, a 10% relative standard uncertainty of 210Pb on the sampling date, and a 3%
relative standard uncertainty of 210Po on the separation date)

210

10.4. Detection limit

In accordance with ISO 11929-7, the detection limit, a#, is calculated by the following
equation:
Assuming α = β then k1-α = k1-β = k,

a# =
w=

2 ⋅ a * + (k 2 ⋅ w) / t 3− Po
1 − k 2 ⋅ u 2 ( w)

1
VS ⋅ ε ⋅ R

(23)
(24)
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where the uncertainty of the counting time is neglected and the relative standard uncertainty
of w is calculated using the following equation:
2

2

2

 u ( w)   u ( R)   u (VS )   u (ε ) 

 +
 =

 +
 w   R   VS   ε 

2

(25)

the relative standard uncertainty of R and ε are calculated by
2

2

2

2

 u ( R )   u (rnt )   u (aT )   u (ε )   u (mT ) 
 + 

 + 

 =
 + 
 R   rnt   aT   ε   mT 
2

2

2

2

(26)
2

2

 u (ε )   u (rnt )   u (aT )   u ( R)   u (mT )   u (λ Po ) 
 + 
 + 
 + 

 =

 + 
 ε   rnt   aT   R   mT   λ Po 

2

(27)

where u(aT) includes all the uncertainties related to the tracer activity: that is the standard
solution and preparation of the tracer solution. The detection limit of the procedures is
described in Table 4.

TABLE 4. THE RESULT OF REPEATABILITY AND REPRODUCIBILITY TESTS

Method
Validation parameter

DDTC solvent Sr-resin
extraction
chromatography

Repeatability
Mean ( X r ) in repeatability test, Bq L-1

1.55

1.58

Repeatability standard deviation (Sr), Bq L-1

0.06

0.05

Repeatability limit (rL), Bq L-1

0.17

0.14

Relative bias (δ), %

0.64

1.28

Mean ( X R ) in reproducibility test, mBq L-1

12.7

13.1

Reproducibility standard deviation (SR), mBq L-1

0.46

0.57

Reproducibility limit (RL), mBq L-1

1.29

1.60

Relative bias (δ), %

1.55

1.55

Chemical recovery (R), %

54 - 97

50 - 94

Detection limit (a#), mBq L-1

2*

2*

Reproducibility

*

Counting efficiency ε, 25 %; counting time t3-Po, 250,000 s; sample volume, 500 mL.
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11.

QUALITY CONTROL MEASUREMENT

For the quality control of the procedure, two kinds of test water samples, which have different
activity concentrations of 210Po, were prepared by spiking tap water collected at the IAEA’s
laboratories, Seibersdorf, Austria with a known activity of the certified 210Po standard solution
respectively, because there are no available reference materials of 210Po with water matrix for
quality control measurement. Prior to spike 210Po to the tap water, some elements in the tap
water were determined by ICP-MS (Elan 6000 Perkin-Elmer SCIEX instrument, equipped
with a Scott-type spray chamber, a cross-flow nebuliser and a Gilson Minipuls 3 peristaltic
pump) in the totalquant mode to screen the elemental composition. Therefore, the accuracy of
the totalquant measurements in ICP-MS was not better than 20-30 %. The semi-quantitative
results of the tap water sample are given in Table 2.
The results of test samples are evaluated in terms of relative bias, repeatability and
reproducibility. The control chart of relative bias, chemical recovery, repeatability,
reproducibility limits and linearity of the procedures are described in Table 4, Fig. 8 and Fig.
9.

6
4

Relative bias δ, (%)

2
0
-2
-4
-6
DDTC solvent extraction
Sr extraction chromatography

-8
-10
0

2

4

6

8

10

12

Replicates

Fig. 8. Control chart for the relative bias δ of determination of 210Po in spiked water samples
using DDTC solvent extraction and Sr-resin extraction chromatography.
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1.6

b)

Measurement result of 210Po (Bq L-1)

a)
1.4
1.2
1.0
0.8
0.6

y = 0.959 x + 0.007 (r2: 0.999)

0.4

y = 1.009 x + 0.001 (r2: 0.997)

0.2
0.0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8 0.0

Concentrations of 210Po in test water samples (Bq L-1)

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Concentrations of 210Po in test water samples (Bq L-1)

Fig. 9. Linearity of analytical results obtained by (a) DDTC solvent extraction and (b) Srresin extraction chromatography.

11.1. Relative bias of the method (trueness)

A spiked sample is analyzed with ten duplicates to evaluate the trueness. The relative bias of
the method is calculated by the following formula:

δ i (%) =

c − Xi
⋅100
c

(28)

11.2. Repeatability limit (within–run precision)

The repeatability limit is estimated by analyzing ten duplicates of a spiked sample with a
known activity concentration of 210Po in repeatability conditions: (instrument, analyst,
shortest time, etc.). The repeatability limit is calculated by the following formula:
rL = S r × 2.8

(29)

11.3. Reproducibility limit

The repeatability limit is also estimated by analyzing ten duplicates of a spiked sample with a
known activity concentration of 210Po, but with at least one parameter being changed in the
analytical system (analyst, analysis date, instrument, etc.). The reproducibility limit is
calculated by the following formula:

RL = S R × 2.8
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(30)

12.

TEST REPORT

The test report shall conform to ISO 17025 requirements and shall contain the following
information:
•
•
•
•
•
•
•
•
•
•
•

Sample code
Sample description
Sampling date (if known)
210
Po separation date
209
Po tracer solution calibration reference date
Analysis request code
Responsible person
Reference to the measurement and evaluation procedure used
Test result
Units in which the test result is expressed
Date to which the test result has been corrected.

Unless otherwise required, the test result should be stated together with the expanded
uncertainty [19] calculated using a coverage factor k = 2. The following form is
recommended:

c ± u (c) , with the associated k value.
The date to which the test result has been corrected may be stated as “corrected to sampling
date” or “corrected to 210Po separation date” as appropriate.
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ANNEX: CHEMICAL REAGENTS AND EQUIPMENT

•
•
•
•
•

0.2 mol L-1 KMnO4 : Dissolve 3.161 g of KMnO4 in 100 mL of deionized water. Filter
through a dense glass fiber filter (Whatman GF/F) and keep in a dark and cool place.
0.3 mol L-1 MnCl2 : Dissolve 5.938 g of MnCl2·4H2O in 100 mL of deionized water.
0.1% DDTC in CH3CCl3 : Dissolve 0.1 g of DDTC in 100 mL of CH3CCl3.
1% H2O2 in 2 mol L-1 HCl : Take 20 mL of 32 % HCl in 100 mL volume of volumetric
flask and add 79 mL of deionized water, and then add 1 mL of 30 % H2O2.
1% H2O2 in 5 mol L-1 HCl : Take 50mL of 32 % HCl in 100 mL volume of volumetric
flask and, add 49 mL of deionized water, and then add 1 mL of 30 % H2O2.

25

CONTRIBUTORS TO DRAFTING AND REVIEW

Bochicchio, F.

Italian National Institute of Health, Rome, Italy

Chalupnik, S.

Central Mining Institute, Katowice, Poland

Hampe, D.

Verein für Kernverfahrenstechnik
und Analytik Rossendorf e.V., Dresden, Germany

Kim, C. K.

International Atomic Energy Agency,
Seibersdorf Laboratories, Austria

Kis-Benedek, G.

International Atomic Energy Agency,
Seibersdorf Laboratories, Austria

Kleinschmidt, R.

Queensland Health, Brisbane, Australia.

Lee, M. H.

Korea Atomic Energy Research Institute, Daejeon, Republic of Korea

Martin, P.

International Atomic Energy Agency,
Seibersdorf Laboratories, Austria

Matthews, K. M.

Radioactivity Specialists Ltd, Christchurch, New Zealand

Sansone, U.

International Atomic Energy Agency,
Seibersdorf Laboratories, Austria

Vajda, N.

RadAnal Ltd, Budapest, Hungary

27

Korea, Republic of
KINS Inc., Information Business Dept. Samho Bldg. 2nd Floor, 275-1 Yang Jae-dong SeoCho-G, Seoul 137-130
Telephone: +02 589 1740 • Fax: +02 589 1746
Email: sj8142@kins.co.kr • Web site: http://www.kins.co.kr
Netherlands
Martinus Nijhoff International, Koraalrood 50, P.O. Box 1853, 2700 CZ Zoetermeer
Telephone: +31 793 684 400 • Fax: +31 793 615 698 • Email: info@nijhoff.nl • Web site: http://www.nijhoff.nl
Swets and Zeitlinger b.v., P.O. Box 830, 2160 SZ Lisse
Telephone: +31 252 435 111 • Fax: +31 252 415 888 • Email: infoho@swets.nl • Web site: http://www.swets.nl
New Zealand
DA Information Services, 648 Whitehorse Road, MITCHAM 3132, Australia
Telephone: +61 3 9210 7777 • Fax: +61 3 9210 7788
Email: service@dadirect.com.au • Web site: http://www.dadirect.com.au
Slovenia
Cankarjeva Zalozba d.d., Kopitarjeva 2, SI-1512 Ljubljana
Telephone: +386 1 432 31 44 • Fax: +386 1 230 14 35
Email: import.books@cankarjeva-z.si • Web site: http://www.cankarjeva-z.si/uvoz
Spain
Díaz de Santos, S.A., c/ Juan Bravo, 3A, E-28006 Madrid
Telephone: +34 91 781 94 80 • Fax: +34 91 575 55 63 • Email: compras@diazdesantos.es
carmela@diazdesantos.es • barcelona@diazdesantos.es • julio@diazdesantos.es
Web site: http://www.diazdesantos.es
United Kingdom
The Stationery Office Ltd, International Sales Agency, PO Box 29, Norwich, NR3 1 GN
Telephone (orders): +44 870 600 5552 • (enquiries): +44 207 873 8372 • Fax: +44 207 873 8203
Email (orders): book.orders@tso.co.uk • (enquiries): book.enquiries@tso.co.uk • Web site: http://www.tso.co.uk
On-line orders:
DELTA Int. Book Wholesalers Ltd., 39 Alexandra Road, Addlestone, Surrey, KT15 2PQ
Email: info@profbooks.com • Web site: http://www.profbooks.com
Books on the Environment:
Earthprint Ltd., P.O. Box 119, Stevenage SG1 4TP
Telephone: +44 1438748111 • Fax: +44 1438748844
Email: orders@earthprint.com • Web site: http://www.earthprint.com
United Nations (UN)
Dept. I004, Room DC2-0853, First Avenue at 46th Street, New York, N.Y. 10017, USA
Telephone: +800 253-9646 or +212 963-8302 • Fax: +212 963-3489
Email: publications@un.org • Web site: http://www.un.org
United States of America
Bernan Associates, 4611-F Assembly Drive, Lanham, MD 20706-4391
Telephone: 1-800-865-3457 • Fax: 1-800-865-3450
Email: order@bernan.com • Web site: http://www.bernan.com
Renouf Publishing Company Ltd., 812 Proctor Ave., Ogdensburg, NY, 13669
Telephone: +888 551 7470 (toll-free) • Fax: +888 568 8546 (toll-free)
Email: order.dept@renoufbooks.com • Web site: http://www.renoufbooks.com

Orders and requests for information may also be addressed directly to:

09-48341

Sales and Promotion Unit, International Atomic Energy Agency
Vienna International Centre, PO Box 100, 1400 Vienna, Austria
Telephone: +43 1 2600 22529 (or 22530) • Fax: +43 1 2600 29302
Email: sales.publications@iaea.org • Web site: http://www.iaea.org/books

No. 21, July 2006

Where to order IAEA publications
In the following countries IAEA publications may be purchased from the sources listed below, or from
major local booksellers. Payment may be made in local currency or with UNESCO coupons.
Australia
DA Information Services, 648 Whitehorse Road, Mitcham Victoria 3132
Telephone: +61 3 9210 7777 • Fax: +61 3 9210 7788
Email: service@dadirect.com.au • Web site: http://www.dadirect.com.au
Belgium
Jean de Lannoy, avenue du Roi 202, B-1190 Brussels
Telephone: +32 2 538 43 08 • Fax: +32 2 538 08 41
Email: jean.de.lannoy@infoboard.be • Web site: http://www.jean-de-lannoy.be
Canada
Bernan Associates, 4611-F Assembly Drive, Lanham, MD 20706-4391, USA
Telephone: 1-800-865-3457 • Fax: 1-800-865-3450
Email: order@bernan.com • Web site: http://www.bernan.com
Renouf Publishing Company Ltd., 1-5369 Canotek Rd., Ottawa, Ontario, K1J 9J3
Telephone: +613 745 2665 • Fax: +613 745 7660
Email: order.dept@renoufbooks.com • Web site: http://www.renoufbooks.com
China
IAEA Publications in Chinese: China Nuclear Energy Industry Corporation, Translation Section, P.O. Box 2103, Beijing
Czech Republic
Suweco CZ, S.R.O. Klecakova 347, 180 21 Praha 9
Telephone: +420 26603 5364 • Fax: +420 28482 1646
Email: nakup@suweco.cz • Web site: http://www.suweco.cz
Finland
Akateeminen Kirjakauppa, PL 128 (Keskuskatu 1), FIN-00101 Helsinki
Telephone: +358 9 121 41 • Fax: +358 9 121 4450
Email: akatilaus@akateeminen.com • Web site: http://www.akateeminen.com
France
Form-Edit, 5, rue Janssen, P.O. Box 25, F-75921 Paris Cedex 19
Telephone: +33 1 42 01 49 49 • Fax: +33 1 42 01 90 90 • Email: formedit@formedit.fr
Lavoisier SAS, 14 rue de Provigny, 94236 Cachan Cedex
Telephone: + 33 1 47 40 67 00 • Fax +33 1 47 40 67 02
Email: livres@lavoisier.fr • Web site: http://www.lavoisier.fr
Germany
UNO-Verlag, Vertriebs- und Verlags GmbH, August-Bebel-Allee 6, D-53175 Bonn
Telephone: +49 02 28 949 02-0 • Fax: +49 02 28 949 02-22
Email: info@uno-verlag.de • Web site: http://www.uno-verlag.de
Hungary
Librotrade Ltd., Book Import, P.O. Box 126, H-1656 Budapest
Telephone: +36 1 257 7777 • Fax: +36 1 257 7472 • Email: books@librotrade.hu
India
Allied Publishers Group, 1st Floor, Dubash House, 15, J. N. Heredia Marg, Ballard Estate, Mumbai 400 001,
Telephone: +91 22 22617926/27 • Fax: +91 22 22617928
Email: alliedpl@vsnl.com • Web site: http://www.alliedpublishers.com
Bookwell, 24/4800, Ansari Road, Darya Ganj, New Delhi 110002
Telephone: +91 11 23268786, +91 11 23257264 • Fax: +91 11 23281315
Email: bookwell@vsnl.net • Web site: http://www.bookwellindia.com
Italy
Libreria Scientifica Dott. Lucio di Biasio “AEIOU”, Via Coronelli 6, I-20146 Milan
Telephone: +39 02 48 95 45 52 or 48 95 45 62 • Fax: +39 02 48 95 45 48
Japan
Maruzen Company, Ltd., 13-6 Nihonbashi, 3 chome, Chuo-ku, Tokyo 103-0027
Telephone: +81 3 3275 8582 • Fax: +81 3 3275 9072
Email: journal@maruzen.co.jp • Web site: http://www.maruzen.co.jp

Worldwide Open Proficiency Test on the Determination of Radionuclides in Spinach, Soil and Water IAEA-CU-2007-03

INTERNATIONAL ATOMIC ENERGY AGENCY
VIENNA
ISSN 2074–7659

IAEA-AQ-8_cover.indd 1

