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Procedure for determining activity concentrations of 

radionuclides due to elevated artificial  

gross gamma activity concentration  

1 Scope 

The procedure outlined in the following is used if the threshold value of the artificial gross 

gamma activity concentration of 1 000 Bq·m-3, as described in the procedure  

D-γ-GESAMT-MWASS-01, is exceeded due to an increased input of artificial radio-

nuclides. Individual radionuclides or radionuclide mixtures can be quickly identified 

qualitatively from the pulse height spectra obtained. If necessary, their activity 

concentrations can be estimated. For a more precise determination of the activity 

concentrations of radioactive substances in seawater, a method suitable for the 

respective incident must be used. 

2 Sampling 

For this procedure, sampling is not required. 

3 Analysis 

3.1 Principle of the procedure 

With this integral procedure, the count rates resulting from the interaction of gamma 

radiation in seawater with thallium-doped sodium iodide detectors (NaI(Tl) detectors) are 

determined directly in a quasi-continuous way, viz. cyclically with a measurement 

duration of one hour.  

The procedure allows the recording and evaluation of pulse height spectra in the form of 

hourly spectra, which can be summed up to daily or weekly spectra if required. Although 

the low energy resolution of the NaI(Tl) detectors allows only limited nuclide-specific 

evaluation, individual radionuclides such as caesium-137 (Cs-137) and accident-typical 

radionuclide mixtures can be detected and separated from natural radioactive substances 

on the basis of the different gamma radiation energies [1, 2, 3, 4]. 

3.2 Sample preparation 

A sample preparation is not required. 
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3.3 Radiochemical separation 

A radiochemical separation is not required. 

4 Measuring the activity 

4.1 General 

For basic information, the procedure D-γ-GESAMT-MWASS-01 is to be considered.  

In the pulse height spectra in Figure 1, in addition to the natural radionuclides from the 

uranium decay series and the K-40 in seawater of the Baltic Sea, Cs-137, most of which 

originated from the accident at the Chernobyl nuclear power plant, can also be seen. 

 

Fig. 1: Example of a weekly spectrum of the station Kühlungsborn. The calibration of the 

spectrum (blue: y-axis linear, red: y-axis logarithmic) was done via K-40. 

For nuclide-specific statements from such readily identifiable gamma peaks, the spectro-

metric detection efficiency εSp(Eγ) of the measuring device is required. From this, the 

nuclide-specific detection efficiency εSpN Eγ( ) is derived to calculate the activity concen-

tration. 

4.2 Calibration 

4.2.1 Experimental calibration 

The experimental calibration of the spectrometric detection efficiency εSp(Eγ) is not 

reasonably possible for the measurement arrangement "probe in the vessel's strom box". 

Therefore, the present procedure shall only be used for the measurement arrangement 

"probe hanging freely in the water". The calibration for this measurement arrangement 

is described in Annex A.2 of the procedure D-γ-GESAMT-MWASS-01.     
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The spectrometric detection efficiency εSp(Eγ) for a selected radionuclide with a metro-

logically traceable activity concentration c, a count number NSp, and a measurement 

duration tm is calculated according to Equation (1): 

 𝜀Sp(𝐸γ) =
𝑁Sp

𝑐 ∙ 𝑝γ ∙ 𝑡m
 (1)

The nuclide-specific detection efficiency εSpN(Eγ) is obtained by multiplying the gamma 

peak emission intensity pγ according to Equation (2): 

 𝜀SpN(𝐸γ) = 𝜀Sp(𝐸γ) ∙ 𝑝γ (2)

4.2.2 Calibration via Monte Carlo simulation 

Due to the large effort of experimental calibration, the detection efficiency εSp for in situ 

measurement in seawater is preferably carried out with Monte Carlo simulation [5, 6, 7]. 

Using the algorithms described in the PENELOPE report [8], an application was pro-

grammed to calculate the detection efficiency of a NaI(Tl) detector, where the NaI(TI) 

crystal is surrounded by a waterproof polyamide (Ertalon® 6 xau) case of 8 mm thickness. 

The detector is located in the center of a water sphere. The radius depends on the gamma 

energy and ranges from 31 cm for 50 keV to 146 cm for 2000 keV (sphere volumes from 

0,12 m³ to 13 m³). 

The resulting energy-dependent spectrometric detection efficiency is shown in Figure 2. 

 

Fig. 2: Energy-dependent spectrometric detection efficiency εSp(Eγ) obtained with MC 

simulation (blue boxes) and the (solid) curve of a polynomial fitted with six 

coefficients to the values as a function of ln(𝐸𝛾). 
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The spectrometric detection efficiencies εSp(Eγ) for calculating the nuclide-specific detec-

tion efficiency εSpN(Eγ) of a selection of relevant radionuclides is summarised in Table 1. 

Tab. 1: Calibration data for selected radionuclides for the measurement arrangement "probe 

hanging freely in the water"  

radionuclide data [9] spectrometric detection efficiency  

(gamma peak efficiency)* 

radionuclide Eγ pγ εSp  

 in MeV  in m3 · Bq-1 · s-1 

K-40 1,46 0,11 0,17·10-3 

Mn-54 0,83 1,0 0,21·10-3 

Zn-65 1,12 0,50 0,19·10-3 

Ru-106 0,51 0,21 0,24·10-3 

 0,62 0,10 0,23·10-3 

 1,06 0,015 0,19·10-3 

I-131 0,36 0,81 0,27·10-3 

 0,64 0,07 0,23·10-3 

Cs-134 0,60 0,98 0,23·10-3 

 0,80 0,85 0,21·10-3 

 0,57 0,16 0,24·10-3 

Cs-137 0,66 0,85 0,22·10-3 

Ce-144 0,13 0,11 0,27·10-3 

* calculated via Monte Carlo simulation 

4.3 Measurement 

For basic information, the procedure D-γ-GESAMT-MWASS-01 is to be considered.  

4.4 Interferences 

Due to the low energy resolution of the NaI(Tl) detectors used, overlaps of gamma peaks 

of different radionuclides, so-called multiplets, often occur. In Figure 3, a multiplet in the 

channel range b from 135 to 172 consisting of the peaks of the natural radionuclides 

thallium-208 (Tl-208) and bismuth-214 (Bi-214) as well as the peak of the artificial 

radionuclide Cs-137 is shown [10]. The procedure for the evaluation of such a multiplet 

is described in Section 5.4 of the General Chapter γ-SPEKT/GRUNDL of this Procedures 

Manual. 
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Fig. 3: Multiplet of peaks of the natural radionuclides Tl-208 and Bi-214 and the artificial 

radionuclide Cs-137 in the channel region b 

For further information on interference, the General Chapter γ-SPEKT/INTERF of this 

Procedures Manual is to be considered. 

5 Calculation of the results 

5.1 Equations 

If an undisturbed gamma peak is present in the NaI spectrum, the background con-

tribution is determined using the trapezoidal method according to Section 5.3.1 of the 

General Chapter γ-SPEKT/GRUNDL of this Procedures Manual. 

Since most of the peaks in the pulse height spectrum of a NaI(Tl) detector do not occur 

as single peaks but as multiplets (see Section 4.4), a least-squares method for peak fitting 

is used in the evaluation, which is described in Sections 5.3.3 and 5.4 of the General 

Chapter γ-SPEKT/GRUNDL of this Procedures Manual. Subsequently, a non-linear fit is 

carried out using the Levenberg-Marquardt method, in which the parameters initially 

held constant in the linear fit are also adjusted. The Excel data sheet used for fitting is 

shown in Figure 4, the pulse height spectrum together with resulting fit functions in 

Figure 5. 

The activity concentration is calculated from the adjusted net peak areas by multiplication 

with a detector- and nuclide-specific calibration factor, viz. by using the detector detec-

tion efficiency and the gamma emission intensity of the considered radionuclide. Special 

explanations on the calculation of the output quantity and standard uncertainty using 

methods with linear deconvolution can be found in Section 4.2 and in Annex C.3 of the 

General Chapter CHAGR-ISO-01 of this Procedures Manual as well as in Table 7 of 

reference [11]. 
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Note: 

The influence of the water coverage does not come into effect in this case, since only net count rates are 

considered when evaluating with the linear spectrum deconvolution. 

 

Fig. 4: Structure of the Excel data sheet for the parameter defaults for fitting the model of 

the evaluation to the pulse height spectrum 

 

Fig. 5: Pulse height spectrum with resulting fit functions; 

 light blue - measured pulse height spectrum 

 red - fit function 

 green dashed - background polynomial 

 dark blue - peak of the considered radionuclide Cs-137 
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5.1.1 Output quantity 

According to Equation (3), the activity concentration cr of the radionuclide r is calculated: 

 𝑐r = 𝑅n,r ∙ 𝜑SpN,r (3)

Herein are: 

cr activity concentration of the radionuclide r, in Bq·m-3; 

φSpN,r procedural calibration factor of the radionuclide r, in Bq·s·m-3: 

𝜑SpN,r =
1

𝜀SpN(𝐸γ)
 

εSpN,r 

Rn,r 

nuclide-specific detection efficiency of the radionuclide r, in m3·Bq-1·s-1; 

net count rate of the considered gamma peak of the radionuclide r obtained 

from the peak fitting, in s-1. 

5.1.2 Standard uncertainty of the output quantity 

The standard uncertainty u(cr) of the activity concentration of the radionuclide r is 

calculated according to Equation (4): 

 𝑢(𝑐r) = 𝑐r ∙√𝑢rel
2 (𝜑SpN,r) + 𝜑SpN,r

2 ∙ 𝑢2(𝑅n,r)  (4)

where 

u(cr) standard uncertainty of the activity concentration of the radionuclide r,  

in Bq·m-3; 

urel(φSpN,r) relative standard uncertainty of the procedural calibration factor for the 

radionuclide r; 

u(Rn,r) standard uncertainty of the net count rate of the considered gamma peak 

of the radionuclide r, in s-1. 

5.2 Worked example 

A worked example cannot be carried out here, since the underlying equations are too 

complex for a manual calculation. For the required non-linear spectrum deconvolution, 

an Excel VBA application is used (see Figure 4) [11]. 

5.3 Consideration of the uncertainties 

The standard uncertainty of the analysis result includes the contributions of the counting 

statistics, the calibration, the emission intensity, and the location of the peak maxima. The 

standard uncertainty of the duration of measurement is neglected. 



D-γ-GESAMT-MWASS-02-08 

ISSN 1865-8725 Version November 2022 

Procedures Manual for monitoring of radioactive substances in the environment and of external radiation 

(Messanleitungen für die „Überwachung radioaktiver Stoffe in der Umwelt und externer Strahlung“) 

6 Characteristic limits of the procedure 

The characteristic limits are calculated according to the ISO 11929 standard series [12]. 

Further considerations on the characteristic limits can be found in the General Chapter 

CHAGR-ISO-01 of this Procedures Manual. 

For the procedure described above, the equations of the characteristic limits can only be 

solved computer-based.  

6.1 Equations 

6.1.1 Decision threshold 

The decision threshold for the activity concentration c*
r is determined using Equation (5): 

 𝑐r
∗ = 𝑘1−𝛼 ∙ �̃�(0) (5)

Herein are: 

c*
r decision threshold for the activity concentration of the radionuclide r, in Bq·m-3; 

k1-α quantile of the normal distribution for α = 0,0014. 

6.1.2 Detection limit 

The detection limit for the activity concentration c#
r is calculated according to the implicit 

Equation (6): 

 𝑐r
# = 𝑐r

∗ + 𝑘1−𝛽 ∙ �̃�(𝑐r
#) (6)

In Equation (6) are: 

c#
r detection limit for the activity concentration of the radionuclide r, in Bq·m-3; 

k1-β quantile of the normal distribution for β = 0,05. 

6.1.3 Limits of the coverage interval 

The calculation of limits of the coverage interval are not required. 

6.2 Worked example 

A worked example cannot be carried out here, since the underlying equations are too 

complex for a manual calculation. For the calculation of the decision threshold and the 

detection limit, the Excel VBA application shown in Figure 4 is used [11].  
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7 Software supported calculation 

7.1 View of the Excel spreadsheet 

 

The associated Excel file is available on request from the federal coordinating office. 

7.2 View of the UncertRadio result page 

A corresponding UncertRadio project file is not available for this Procedures Manual. 

8 Catalogue of the chemicals und equipment 

8.1 Chemicals 

For this procedure, no chemicals are required. 

8.2 Equipment 

The equipment corresponds to that of the procedure D-γ-GESAMT-MWASS-01. 
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