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Abstract 

This bachelor thesis is about analysing the calculation of the specific activity of Cesium-137, Cs-137. It 

is carried out in connection with the project Radiant Earth “Strålande Jord”, which is being 

implemented by Uppsala University, UU. Radiant Earth is about determining the specific activity of 

Cs-137 in mushroom samples in different locations in Sweden. In the project it was noted by the 

researchers at UU that the results of UU differed from the results obtained by the Swedish Defence 

Research Agency, FOI, in Umeå. Several new measurements have been made at UU and sent to FOI. 

The result of these measurements has been compared and resulting in that UU's calculation of the 

specific activity of Cs-137 is lower than FOI’s calculation and UU’s result depends on the geometry of 

sample UU use. UU's measurement method consists of a gamma spectroscopy with a HPGe detector 

and a simulation of the setup with the Fluka and Flair program. FOI have a method similar to UU’s 

method but also have a method using reference samples. The result of this analysis of UU's methods 

was that the contributions from the geometry of the samples and the detector is significant. By 

remeasuring the sample’s geometry and position to the detector and implementing the result of the 

remeasurement affected the result of the specific activity. Adding these changes and by adding 

cooler rod of copper in the geometry and implementing these in Fluka/Flair results in a smaller 

difference between FOI's and UU’s calculation of the specific activity. The detector is old and how 

good the description that was written in the 80s still is questionable. Recommendation is to conduct 

a survey on the detector's current structure. 

 

Sammanfattning 

Denna kandidatuppsats handlar om att analysera beräkningen av den specifika aktiviteten för 

Cesium-137, Cs-137. Det genomfördes i samband med projektet Strålande Jord, som genomförs av 

Uppsala universitet, UU. Projektet Strålande Jord handlar om att bestämma den specifika aktiviteten 

för Cs-137 i svampprover på olika platser i Sverige. I projektet märkte forskarna vid UU att deras 

resultat skilde sig från resultaten från Totalförsvarets forskningsinstitut, FOI, i Umeå. Flera nya 

mätningar har gjorts vid UU och skickats till FOI. Resultatet av dessa mätningar har jämförts och visar 

att UU:s beräkningar av den specifika aktiviteten för Cs-137 är lägre än FOI:s beräkningar och UU:s 

resultat beror på formen på proven under UU:s mätningar. UU:s mätmetod består av en 

gammaspektroskopi med en HPGe-detektor och en simulering av mätningsuppställning med Fluka 

och Flair-programmet. FOI har en metod likt UU:s metod men kan också bestämma genom 

användning av referensprov. Resultatet av denna analys av UU:s metoder var att bidraget från 

geometrin hos proverna och detektorn är betydande och kandidatarbetet har gått ut på att mäta hur 

geometrin och placering av de prover som användes i mätningarna påverkade resultatet. Genom 

detta samt att lägga till kylstav av koppar i geometri och implementera dessa i Fluka / Flair erhålls en 

mindre skillnad mellan FOI:s och UU:s beräkning av den specifika aktiviteten. Detektorn är gammal 

och i vilken utsträckning beskrivningen skriven på 80-talet fortfarande stämmer är tveksamt. 

Rekommendationen är att genomföra en undersökning av detektorns nuvarande struktur. 
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1. Introduction 
 

The Chernobyl nuclear powerplant meltdown occurred over 30 years ago at 26th April 1986 and 

because of it a lot of radioactive material was released into nature and air. The radioactive material 

was spread to the rest of the world with the winds and the radioactive material reached the ground 

with the help of the rain. In Sweden it was unevenly distributed over different locations. Different 

nuclei were released but only some of them have a half-life that make them still around today. One 

of them is caesium-137, Cs-137, with a half-life of about 30 years. Cs-137 is not naturally occurring 

and any traces of that nucleus must have been spread by human interaction. By measuring Cs-137 it 

can be determined how much humans have contaminated nature with nuclear materials. 

Radiant Earth, “Strålande jord”, is a project by Uppsala University, UU, with a collaboration with the 

Swedish University of Agricultural Sciences, SLU, and with the help of different school classes in 

Sweden. The project involves voluntary school classes to pick samples of mushrooms and soil from 

different places in Sweden. The school classes dry the samples and take a note what kind of 

mushroom and at what location it was picked. The samples are then sent to Uppsala University, 

where the samples get weight and put through a gamma-spectroscopy measurement. With the 

collected information UU can calculate the activity due to Cs-137 and other nuclei. 

The Swedish Defence Research Agency, FOI, has a long history of performing measurements on 

radioactive material and have developed with the help of reference samples measuring techniques 

that can measure the activity of for example Cs-137 with gamma-spectroscopy. Some of the samples 

that UU has measured and calculated the activity of Cs-137 on, had been sent to FOI to be doubled 

checked for reliability. The comparison with FOI showed that the results differed, UU had a result 

about 30% less than FOI, who had an error of about 10%. These results differed enough to conclude 

that something in UU’s analysis or measurement is wrong. And this thesis is about locating and 

possibly correct the source of that error. 

Mushrooms can absorb caesium so by measuring the activity of Cs-137 in mushrooms we are able to 

see how natures handles Cs-137. Since Cs-137 do not have any natural sources and have a half-life of 

about 30 years, measuring the amount in nature is important to understand how the ecosystem 

cycles that nuclei. 

By doing this work the future measurements can become more accurate in both measuring Cs-137 

but also create a deeper understanding in the measurement and how to generalise this measuring 

process to other nuclei. 

The project involves school classes which can be an ethical question with both good and bad 

consequences. The project could make them interested in science and nature. It could make them 

feel like they contribute to science. This could also be a first step to a national method to analyse a 

lot of data in short time, in events like nuclear power plants accidents. Bad consequences could be 

that they be forced to do this, Radiant Earth is not mandatory but if a teacher decides to do this, the 

students are forced to do this even do it is not in school curriculum. The children and their parents 

may think that this is scary, and this may cause some panic in the population and by using children to 

perform work that are mandatory may have issues in itself.  
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2. Background 
 

The bachelor thesis is based on the project Radiant Earth, “Strålande Jord”, by Uppsala University, 

UU, and previous works on that project like bachelor theses and a simulation project. Previous work 

on this project has been to build and calibrate the detector, and to examine the detector’s 

characteristics. Some work has also been done in simulating the detector and samples. This all was 

done to understand how the detector works and how to calculate the activity of the samples 

[1][2][3][4]. 

These previous works on building the measurement setup include setting up the detector and 

building a shield around it. The detector has been energy calibrated and different ROI, range of 

interest have been located. A ROI is used to mark different energy intervals where photons from 

known nuclei could be detected. Some testing has also been performed both on the detector itself 

but also on the geometry in the simulation program Fluka and Flair [2][3][4]. 

UU calculated the specific activity of Cs-137 of several samples and sent them to the Swedish 

Defence Research Agency, FOI. They have a branch called CBRN Defence and Security, which 

specialise on chemical, biological, radioactive and nuclear materials and how to defend Sweden from 

threats of these kind. 

FOI has had a lot of experience of detecting radioactive material and calculating the specific activity 

of different sources, they have two methods. One is to use a reference sample with known activity in 

the same geometric shape as the test sample and thus one can use a quotient to determine the 

activity from the test sample by the count rates. They also have a second method where they use 

simulation programs to determine the activity from any geometric shape the test sample has. They 

have developed this method through control samples in different geometric shapes to calibrate the 

result for a given geometry and using simulations for other geometries. This method is verified by the 

calculation using reference samples. 

FOI also work with decreasing the background radiation when measuring. To decrease background 

radiation, they use nitrogen-flushing. This is that the closed container that the sample is placed in 

have an input and output of a flow of nitrogen that removes any free nuclide in the air that came in 

when the sample were placed in the container. With the use of this process they can reduce the 

background radiation significantly when performing the gamma-spectroscopy.  

FOI had also ordered a High purity germanium detector from the company Canberra for another 

project. When they did some measurements on it, the simulations and the result differed. They 

analysed its structure by scanning it and found that their instructions of how the detector were 

constructed were incorrect. They contacted Canberra and they confirmed that it was wrong and a 

structure inside of the detector was made by another material than what was described. This must 

be considered when using a method that is dependent on the structure of a detector. UU uses a 

method were the detector is simulated and if the information about the detector is incorrect, it will 

affect the result. 

The simulation of the detector can be done in various computer programs but in UU’s case, the 

choice has been Fluka with the addon program Flair but also with Geant that have been shown to 

give similar results [5].  

Fluka uses Monte-Carlo method to simulate how particles behave in different setups. All this work 

could be maintained in Fluka but with the addon program Flair, it is easy to see the geometry and 
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analyse the result. It can make it easier to change the code and is a user-friendly interface of Fluka. In 

the interface Flair the setup of the detector and the sample with all the geometry of them is the 

input and the output are the ratio of the detected photons, in a chosen volume, by all the photons 

created by the program. This is done for different energy intervals in the volume to create a table of 

energy intervals and its ratio and uncertainty in the ratio. The created photons can be chosen to be 

of a fixed energy and to occur in a fixed volume, like a sample volume [6]. 

The construction of the detector has been abstracted by Canberra’s instruction manual and given by 

a validation of the crystal in 1986. The whole construction is not completely known but the major 

part of it can be understood from those sources [7].  

2.1 About caesium 
Caesium has several isotopes. One of them is Cs-137, which is a radioactive non-naturally occurring 

isotope. It decays with a half-life of 30.1 years. When this nuclei decays, it will with a probability of 

94.4% decay to an excited barium-137 nucleus which itself decays to the ground state of barium-137. 

The decay from an excited barium-137 to the ground state of barium-137 happens in different 

process, it could result in gamma radiation by releasing its energy by a gamma photon but it could 

also do it by internal conversion, where an electron in orbit around the nucleus is emitted instead. 

This released photon is the source of the gamma radiation with an energy of 662 keV. Combining 

these effects results in a gamma photon of an energy of 662 keV with a probability of 85.1% when a 

Cs-137 atom decays, see figure 1, [8].

 

Figure 1. Decay scheme of Cs-137, with halftime, energies and probabilities. 

This photon is radiated isotropically, evenly in all directions, and may interact in different ways with 

matter. Photons can in general interact with matter by photoelectric effect, Compton scattering or 

pair production [8]. 

The photoelectric effect occurs when a photon is completely absorbed by an atom and thus produces 

a photopeak. It does this by interacting with an electron in orbit around the nucleus of the atom. The 

electron may increase its quantum number but remain in orbit or it may be released from its orbit 

creating a free electron and a atom with an hole in its orbit, this hole can then result in other actions 

like releasing photons or free electrons when this hole if filled by electrons from an exterior shell [6]. 

Compton scattering occurs when a photon interacts with a charged particle, most commonly an 

electron. The photon may transfer some of its energy and momentum to the charged particle. This 



 4 

results in that the charged particle will increase its kinetic energy and the photon will be left with a 

lower energy than before the Compton scattering [8].  

Compton scattering is described by formula (1), the initial photon has an energy, 𝐸𝛾, then scatters off 

a charged particle with a rest energy, 𝑚𝑐2, the photon’s energy afterwards, 𝐸′𝛾, depends on the size 

of the scattering angle the photon has afterwards, θ [8]. 

 
𝐸′𝛾 =

𝐸𝛾

1 + (
𝐸𝛾

𝑚𝑐2) (1 − cos 𝜃)
 

 
(1) 

 

Because of this Compton scattering, a photon may give off a spectrum of energies to an electron with 

the highest energy called the Compton edge, this occurs when the scattering angle of the photon is 

exactly 180 degrees, see formula (1). This produces a spectrum of energies that may be detected 

with an energy from zero and this highest energy, the Compton edge. Compton scattering occur with 

all the equipment when performing a measurement, thus a photon can interact with matter by 

Compton scattering several times and lower its energy before interacting with the detector by the 

photoelectric effect. This will result in a photopeak but with a lower energy [8]. 

Pair production occurs when the photon interacts with another particle to produce more particles. 

The particles can only be produced if some quantities are conserved and the lowest energy needed 

for this is the energy to produce an electron and a positron. This demands that the photon has an 

energy of at least 1022 keV, corresponding to the combined rest mass energy of the electron and 

positron. For a photon with an energy of 662 keV this will not occur [8]. 

2.2 Equipment 
The equipment that measure this gamma radiation consists of a detector, voltage supplier, 

multichannel analyser, cooling system and a computer with the program Maestro [9]. The detector is 

a Canberra GEM Series HPGe (high-purity Germanium) coaxial detector with a detector model 

number of GEM-33210. The detector consists of a semiconductive crystal of Germanium encased in 

an aluminium cylinder. The aluminium casing protects the crystal from decaying but also shields it 

from other radiation. The crystal has a thin layer of non-active germanium at it surface, called the 

dead layer. This dead layer is a natural side-effect of how the crystal works. The crystal decays 

naturally in the intersection of it and its surrounding, creating the dead layer [8]. 

The semiconductive detectors crystal interacts with the gamma photons that enters it in the different 

material interaction of photons to produce a signal with a current proportional to the energy of the 

photon. This is done when a gamma photon in the crystal gives off energy to the material. When the 

crystal receives energy from the photon a collection of charge carriers is created, with different 

charges. The crystal is surrounded by two electrodes that between them have a voltage difference. 

This voltage difference produces forces on the charges and therefore produces a current. This 

current can be magnified and results in a signal where the current amplitude is proportional to the 

energy that the photon transfer to the crystal [8]. 

To prevent further decay of the crystal the detector is cooled with liquid nitrogen. This cooling also 

sustains the energy calibration. This cooling is directed to the crystal through a cylindric copper rod 

inserted at the bottom of the crystal [10]. 

The detector is connected to a voltage power supply that produces the voltage difference in the 

electrodes. The detector is also connected to a cryostat cooling the copper rod and therefore 



 5 

transfers heat. The signal from the detector is analysed in the multichannel analyser, MCA. The MCA 

sorts the signals to different channels depending on how much energy was released by the photon. 

Each channel corresponds to an energy interval. These signals are then analysed by a computer 

program Maestro, which produces a histogram of the channels and the total counts in each channel, 

see figure (2).  

 

Figure 2. A screenshot of the display of the program Maestro. 1. Is a Compton spectrum. 2. Is a 

Compton edge. 3. Is a photopeak. The region between 2 and 3 is the result of photons interacting by 

Compton scattering before giving a photopeak. Resulting in several measurements of photopeaks by 

photons with a lower energy than the photon resulting in the photopeak numbered 3. 

Displayed in Maestro is a histogram of the number of signals in each energy interval the channels 

correspond to. It also stores the live time, meaning the time that the MCA is active and collects 

signals. By calibrating with known nuclei, it is possible to connect some of the peaks in the histogram 

to known energies and thus calibrate the channels to energy through a linear fit.  

This detector has previously been energy calibrated and by using this calibration and measuring 

different nuclei it has been used to store several ROI, range of interest, in Maestro along with the 

energy calibration. ROI is a channel interval which is chosen to be of particular interest, it could 

correspond to a photopeak of a known nucleus. When a photon from a decay process is produced 

and enters the crystal to give of all its energy and thus producing a photopeak, there are some 

uncertainty of the resulting energy and therefore the result is an energy interval corresponding to 

that photon is used. Using an ROI for the photopeak makes it easy to combine all the counts for all 

the cannels corresponding to it. With this ROI, Maestro can also subtract the background radiation 

and produce the net count and uncertainty of the net count. 

This detector was previously used by SLU, Swedish University of Agricultural Sciences, in Uppsala. 

When the project that used it with was cancelled the detector was stored for a long period at room 

temperature before ending up at UU. The detector has a validation on how the crystal dimension of 

it was in 1986 but since that was over 30 years ago and it has been stored at room temperature this 

information from the validation could be obsolete, particularly the thickness of the dead layer. There 
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was a concern that the detector after this validation had been repaired at some stage and thus could 

have been altered. The sizes of the cylindric hole in the bottom of the crystal has not been specified 

and are therefore unknown.  

The detector itself is surrounded by a shield of mostly lead to minimise the background radiation, see 

figure (3).  

 

Figure 3. Measurement setup, of the shield around the detector. 
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2.3 Fluka 
The setup in the simulation program Fluka/Flair is depicted in the figure (4). 

 

Figure 4. Scheme of the structure of the detector and a sample, with variables shown, see table (1) 

and (2). The detector, 1. Sample 2. Aluminium case 3. The dead layer 4. Vacuum cylinder with copper 

rod 5. The Germanium crystal. Figure made in simulation program Fluka with Flair. 

In the original simulation of this setup geometry, the sample was positioned in direct contact with 

the aluminium casing and instead of using a copper rod in the bottom there was a vacuum cylinder. 

The variables of the detector that was used as the setup of the detector in the original simulation are 

in table (1). The variables of the sample sizes that was used as the setup of the samples in the original 

simulation are in table (2). 

 

 

Radius Crystal 𝑟𝑐 3.045 cm 

Height Crystal ℎ𝑐 5.46 cm 

Radius vacuum cylinder 𝑟𝑟 0.65 cm 

Height vacuum cylinder ℎ𝑟 1.76 cm 

Dead layer thickness 0.7 mm 

Aluminium case thickness  1 mm 

Aluminium case exterior radius 4.05 cm 

Distance between the interior of the aluminium 
case position to crystal 

2 mm 

Table 1. The variables and values of the detector used in the original simulation.  
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 Radius 𝑟𝑠 Height ℎ𝑠 Distance from 
detector to sample d 

Sample size 1 1.0 cm 4.0 cm 0 mm 

Sample size 2 4.0 cm 4.0 cm 0 mm 

Table 2. The variables of the sample sizes with the values used in the original simulation.  

The containers where the samples are stored is depicted in figures (5) and (6).  

 

Figure 5. Picture of a container of sample size 1. 

 

 

Figure 6, Picture of a container of sample size 2. 
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When measuring, the samples are positioned carefully on the centre of the detector for every 

measurement with the help of some guidance tool, see figure (7). 

 

Figure 7, a sample placed on the detector inside the shield case. Here is also shown a grey guidance 

tool used for the placement of sample. 

 

2.4 Calculating the activity of Cs-137 from the counts 
To calculate the specific activity of Cs-137 from a sample with gamma-spectroscopy what is first 

needed to be done is to measure the counts in the given energy interval around the energy of the 

gamma photon that results in the decay of Cs-137. The program Maestro can subtract the 

background radiation and give the net count of these photons and its error. With the live time, the 

count rate can be calculated by division. To compare activities the specific activity of Cs-137 is 

desired, which is the activity of Cs-137 in the sample divided by the mass of the sample. 

From the simulation, the ratio of all detected photons in a volume to all the created photons in the 

sample of this energy has been calculated, called the detection efficiency [10]. Dividing the count 

rate per mass thus results in how many photons where created in the sample volume per mass. Since 

only 85,1% of the activity of Cs-137 results in gamma photons, to get the specific activity of Cs-137 

one must divide by the total number of photons by this term. The result is in the formula (2) and the 

uncertainty of the specific activity in formula (3) with the variables described in table (3). The 

uncertainty of the specific activity is calculated only from the uncertainty of the net counts and the 

uncertainty of the detection efficiency. Maestro gives the uncertainty of the net counts and the 

uncertainty of the detection efficiency is calculated by Fluka.  

For the statistical uncertainty of the net counts and of the specific activity to be low, the live time 

must be large. 
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Mass of sample m 

Number of net counts N 

Uncertainty in number net counts 𝐸𝑁 

Live time t 

Detection efficiency 𝑃𝑑 

Uncertainty of the detection efficiency 𝐸𝑑 

Ratio of decays of Cs-137 that results in a 
gamma photon with Energy 662 keV 

𝑃𝑔 = 0.851 

Specific Activity of Cs-137 A 

Table 3. Different variables and symbols. 

 

 
𝐴 =

𝑁

𝑚𝑡𝑃𝑑𝑃𝑔
 (2) 

   
 

𝑈𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 𝑜𝑓 𝐴 = √(
𝐸𝑁

𝑚𝑡𝑃𝑑𝑃𝑔
)

2

+ (
𝑁𝐸𝑑

𝑚𝑡𝑃𝑑
2𝑃𝑔

)

2

 

 
(3) 
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3. Method 
 

3.1 Sending test to FOI and repeating UU’s method 
The difference in FOI’s and UU’s method of determine the specific activity of Cs-137 need to be 

tested again. This is performed by measuring new samples in UU in the same way as previously done 

with the method of UU, but with two sample sizes. The samples are sent to FOI be tested. These 

results are compared to see if the problem remains and is not some random error. This way it is also 

tested if the different sample sizes result in different specific activity. 

3.2 Reading and visit to FOI 
A visit to the FOI in Umeå has been undertaken, to see the facilities and have a seminar about what 

FOI have been doing in Umeå and what UU have been doing in Uppsala. In this visit a walkthrough of 

their process of gamma-spectroscopy was done.  

3.3 Vacuum cylinder size test 
The first part of the simulation work was to test the size of vacuum cylinder in the original setup in 

Fluka /Flair. Only the vacuum cylinder was varied because the other variables in the detectors 

structure are known. The test was performed by changing the height and radius of the vacuum 

cylinder, keeping everything else fixed to get several values of the ratio 𝑃𝑑 depending on only two 

variables, ℎ𝑟 and 𝑟𝑟. 

By using the different geometries in the sample sizes that are being measured and varying the height 

and radius of the vacuum cylinder it is possible to compare the 𝑃𝑑 to the average needed 𝑃𝑑 in the 

previous part to get UU’s specific activity to match with FOI’s calculation of the specific activity of Cs-

137. Assuming different geometry of samples gives different formulas, this result in two equations 

for two unknown variables which could be solved if the answer is in each interval of the height and 

radius. 

3.4 Measuring new sample sizes 
Since in the simulation with Fluka/Flair the sample size and position are inserted in the geometry, the 

result is therefore going to depend on these variables. To get more correct values of the 𝑃𝑑 for the 

two sample sizes, they were remeasured, and the result of the remeasuring was implemented in the 

simulation to see how this affects the result of the 𝑃𝑑.  

One other feature in the geometry is the copper rod. In the original setup the copper rod was not 

included so by testing if exchanging the vacuum cylinder to a copper rod in the simulation will affect 

the 𝑃𝑑. 

In the simulation vacuum is used everywhere if not specified by a material. The sample material is 

not known but assuming the sample is porous, the sample material is replaced by air in the 

simulation and get a new result of the 𝑃𝑑. Then compare all these 𝑃𝑑’s the original value but also 

comparing with a 𝑃𝑑 resulting from changing all of these at the same time. 
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4. Results 
 

4.1 Checking FOI vs UU 
Measuring the new samples in the different sample sizes with UU’s method resulted in specific 

activity of Cs-137 in the table (4). The sample were sent to FOI, that measured and calculated the 

specific activity of Cs-137. By comparing the results of UU and FOI it was still verify that UU’s 

calculation of the specific activity of Cs-137 is much lower than FOI’s calculation, see table (5). 

Measuring and calculating the specific activity in UU was performed with 2 different sample sizes and 

these also resulted in different specific activity, see table (5).  

Sample Sample 
size 

m 
[10−3kg] 

N 𝐸𝑁 t [s] 𝑃𝑑 
[10−2] 

𝐸𝑑[10−5] A 
[Bq/kg] 

Uncertainty 
in A [Bq/kg] 

1 1 4.851 5945 93 43700 3.663 8.560 900 14.23 

1 2 55.859 66800 266 52900 2.557 7.139 1039 5.05 

2 1 2.173 90403 307 59932 3.663 8.560 22269 91.80 

2 2 24.537 181778 432 13882 2.557 7.139 24525 89.92 

3 1 2.074 28180 172 17052 3.663 8.560 25562 167.06 

3 2 18.158 124988 358 11840 2.557 7.139 26717 106.87 

4 1 2.421 14783 152 233300 3.663 8.560 840 8.85 

4 2 35.519 11126 110 15800 2.557 7.139 911 9.36 

Table 4. Result of measurement in UU for four samples with 2 sample sizes each. 

 

sample FOI 
A 
[Bq/kg] 

FOI 
Uncertainty 
of A 
[Bq/kg] 

UU 
sample 
size 1 
A [Bq/kg] 

UU sample 
size 1 
Uncertainty 
of A 
[Bq/kg] 

UU 
sample 
size 2 
A [Bq/kg] 

UU sample 
size 2 
Uncertainty 
of A 
[Bq/kg] 

1 1580 130 900 14.23 1039 5.05 

2 38700 3100 22269 91.80 24525 89.92 

3 37200 3000 25562 167.06 26717 106.87 

4 1470 120 840 8.85 911 9.36 

Table 5. The result of FOI’s and UU’s measurement of the specific activity of Cs-137 in Bq/kg with its 

uncertainty. For UU there was two sample sizes. 

 

 

4.2 Changing size of vacuum cylinder 
Changing the size of the vacuum cylinder in the bottom of the crystal will vary the value of 𝑃𝑑. This is 

done for both two sample sizes in tables (6) and (7) and figures (8) and (9). The result is a collection 

of 𝑃𝑑 for different radii and heights of the vacuum cylinder for both the sample sizes. By using the 

result in table (5) to fit UU’s result to FOI’s result of the specific activity of Cs-137 by varying 𝑃𝑑 in 

formula (2) will result in predicted 𝑃𝑑 and average them in table (8). Using tables (6)-(8) to compare 

what the size should be of the vacuum cylinder. The result of this comparison is that the height and 

the radius need to quite big to fit the result from UU to the result of FOI for each sample size and it is 

not possible to find unique radius and height when using both sample sizes. 
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𝑟𝑟 ℎ𝑟 at 5 
cm  

𝑃𝑑   
[10−2] 

ℎ𝑟 at 5 cm 
𝐸𝑑   

[10−5] 

ℎ𝑟 at 
4.5 cm  

𝑃𝑑   
[10−2] 

ℎ𝑟 at 4.5 
cm 

𝐸𝑑   
[10−5] 

ℎ𝑟 at 4 
cm  

𝑃𝑑   
[10−2] 

ℎ𝑟 at 4 
cm 

𝐸𝑑   
[10−5] 

ℎ𝑟 at 
3.5 cm  

𝑃𝑑   
[10−2] 

ℎ𝑟 at 3.5 
cm 

𝐸𝑑   
[10−5] 

0.5 3.673 8.573 3.711 8.617 3.740 8.651 3.763 8.674 

1 3.199 7.998 3.341 8.175 3.452 8.309 3.545 8.419 

1.5 2.513 7.089 2.784 7.461 3.021 7.773 3.220 8.024 

1.75 2.104 6.487   
     

2 1.661 5.764 2.103 6.486 2.489 7.056 2.805 7.489 

2.25 
  

  
 

2.200 6.633 
  

2.5 0.7927 3.982 1.369 5.234 1.920 6.196 2.391 6.915 

Table 6. Values of 𝑃𝑑  and 𝐸𝑑  for different heights, ℎ𝑟, and radii, 𝑟𝑟, of the vacuum cylinder. This is for 

sample size 2. The values of 𝑃𝑑 and 𝐸𝑑 are from the Monte Carlo simulation in Fluka. 

 

Figure 8. The detection efficiency, 𝑃𝑑, for different heights and radii of the vacuum cylinder. This is 

for sample size 1. 
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𝑟𝑟 ℎ𝑟 at 5 
cm  

𝑃𝑑   
[10−2] 

ℎ𝑟 at 5 cm 
𝐸𝑑   

[10−5] 

ℎ𝑟 at 
4.5 cm  

𝑃𝑑   
[10−2] 

ℎ𝑟 at 4.5 
cm 

𝐸𝑑   
[10−5] 

ℎ𝑟 at 4 
cm  

𝑃𝑑   
[10−2] 

ℎ𝑟 at 4 
cm 

𝐸𝑑   
[10−5] 

ℎ𝑟 at 
3.5 cm  

𝑃𝑑   
[10−2] 

ℎ𝑟 at 3.5 
cm 

𝐸𝑑   
[10−5] 

0.5 2.571 7.171 2.585 7.189 2.600 7.212 2.606 7.219 

1 2.280 6.751 2.349 6.854 2.410 6.943 2.457 7.010 

1.5 1.814 6.024 1.969 6.275 2.106 6.491 2.218 6.661 

1.75 1.523 5.519 1.725 5.874 
    

2 1.209 4.917 1.466 5.415 1.715 5.857 1.917 6.192 

2.25 
    

1.503 5.483   
 

2.5 0.5773 3.398 0.9455 4.348 1.302 5.103 1.608 5.670 

Table 7. Values of 𝑃𝑑  and 𝐸𝑑  for different heights, ℎ𝑟, and radii, 𝑟𝑟, of the vacuum cylinder. This is for 

sample size 2. The values of 𝑃𝑑 and 𝐸𝑑 are from the Monte Carlo simulation in Fluka. 

 

Figure 9. The detection efficiency, 𝑃𝑑, for different heights and radii of the vacuum cylinder. This is 

for sample size 2. 

Sample size Average predicted 𝑃𝑑 [10^-2] 

1 2.20 

2 1.68 

Table 8. The average predicted 𝑃𝑑 for both sample sizes. 

4.3 Remeasuring the sample sizes 
Remeasuring the sample sizes resulted in new results of the dimension and position of the samples. 

The samples dimension in table (9) are as cylinders. They have only approximative cylindric shape but 
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for simulating in Fluka/Flair, the use of cylinders is easier to implement. The result of this 

remeasuring is tabulated in table (9). 

 Radius 𝑟𝑠 Height ℎ𝑠 Distance from 
detector to sample d 

Sample size 1 1.0 cm 4.0 cm 2 mm 

Sample size 2 4.0 cm 3.8 cm 4 mm 

Table 9. Result of the remeasure of the samples sizes and their position to the detector 

4.4 Implementing the change of setup in the simulation 
By changing the geometry for the different alterations, four cases of different setup in the simulation 

were chosen to be simulated. The original case is the original setup. Case 1 is to only change the 

vacuum cylinder to a copper rod. Case 2 is to only change the sample size and position. Case 3 is to 

only define air in the sample volume. Case 4 is to do all these changes. This is done for both sample 

sizes, see table (10). It is seen that in case 1, 2 and 4 that 𝑃𝑑 is decreasing and approaching the 

average predicted 𝑃𝑑, in table (8). This will thus give a result of the specific activity of Cs-137 closer to 

FOI’s result compared with the original value of 𝑃𝑑. Using the result from case 4 to evaluate the 

measurement in table (4) with new 𝑃𝑑 resulted in table (11). These results evaluated from case 4 is 

compared with FOI’s result and the original result in figures (10)-(13). 

Sampl
e size 

Origina
l 

𝑃𝑑   
[10−2] 

Origina
l 

𝐸𝑑   
[10−5] 

Case 1 
𝑃𝑑   

[10−2] 

Case 
1 

𝐸𝑑   
[10−5

] 

Case 
2 

𝑃𝑑   
[10−2

] 

Case 
2 

𝐸𝑑   
[10−5

] 

Case 
3 

𝑃𝑑   
[10−2

] 

Case 
3 

𝐸𝑑   
[10−5

] 

Case 
4 

𝑃𝑑   
[10−2

] 

Case 
4 

𝐸𝑑   
[10−5

] 

1 3.663 8.560 3.447 8.304 3.341 8.175 3.666 8.564 3.132 7.915 

2 2.557 7.152 2.399 6.926 2.273 6.742 2.560 7.155 2.138 6.540 

Table 10. Values of 𝑃𝑑  and 𝐸𝑑  for the four different cases for the two sample sizes. The values of 𝑃𝑑 

and 𝐸𝑑 are from the Monte Carlo simulation in Fluka 

 

 

sample FOI 
A 
[Bq/kg] 

FOI 
Uncertainty 
of A [Bq/kg] 

UU 
sample 
size 1 
A [Bq/kg] 

UU sample size 
1 Uncertainty of 
A [Bq/kg] 

UU sample 
size 2 
A [Bq/kg] 

UU sample size 
2 Uncertainty of 
A [Bq/kg] 

1 1580 130 1052 16.67 1242 6.24 

2 38700 3100 26044 110.24 29331 113.62 

3 37200 3000 29895 197.49 31953 133.90 

4 1470 120 982 10.40 1090 11.28 

Table 11. The result of FOI’s and UU’s measurement, with 𝑃𝑑 from case 4, of the specific activity of 

Cs-137 in Bq/kg with its uncertainty. For UU two sample sizes are tabulated. 
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Figure 10. The result of the specific activity of Cs-137 in Bq/kg with its uncertainty for sample 1. 

These are for FOI (1), UU in the original case and sample size 1 (2), UU in the original case and sample 

size 2 (3), UU in case 4 and sample size 1 (4), UU in case 4 and sample size 2 (5). 

 

Figure 11. The result of the specific activity of Cs-137 in Bq/kg with its uncertainty for sample 2. 

These are for FOI (1), UU in the original case and sample size 1 (2), UU in the original case and sample 

size 2 (3), UU in case 4 and sample size 1 (4), UU in case 4 and sample size 2 (5). 
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Figure 12. The result of the specific activity of Cs-137 in Bq/kg with its uncertainty for sample 3. 

These are for FOI (1), UU in the original case and sample size 1 (2), UU in the original case and sample 

size 2 (3), UU in case 4 and sample size 1 (4), UU in case 4 and sample size 2 (5). 

 

Figure 13. The result of the specific activity of Cs-137 in Bq/kg with its uncertainty for sample 4. 

These are for FOI (1), UU in the original case and sample size 1 (2), UU in the original case and sample 

size 2 (3), UU in case 4 and sample size 1 (4), UU in case 4 and sample size 2 (5). 
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5. Discussion  
 

5.1 UU vs FOI 
A difference still remains between the results by FOI and by UU in the calculation of the specific 

activity of Cs-137. Changing the geometry by using a different sample size when doing the 

measurement affected the result with the sample size of lower radius resulting in a lower result of 

the calculation of the specific activity of Cs-137. This difference could therefore depend on the 

geometry of the Fluka/Flair setup. If the detector’s structure is different than the validation of the 

detector in 1986 this would affect the results in Fluka/Flair. The uncertainty of the specific activity in 

the method by UU uses one standard deviation an is calculated only from the uncertainty of the net 

counts and the uncertainty of the detection efficiency. The uncertainty of the specific activity in the 

method by FOI is bigger than UU because FOI uses more than one standard deviation and FOI 

consider other sources to the uncertainty. The uncertainty of these sources is made approximative 

with a high value to be more certain that the true result is in their range of values.  

5.2 Fitting the vacuum cylinder to correct the result 
By just varying the height and radius of the vacuum cylinder in Fluka/Flair the result of the simulation 

cannot be fitted to give the result of FOI for both sample sizes, where for a given height of the 

vacuum cylinder a smaller radius of the vacuum cylinder is needed for the sample size with radius of 

4 cm than for the sample size with a radius of 1 cm. When considering only one sample size the result 

can only be fitted to the average values of 𝑃𝑑 if the radius and height is very big. If the vacuum 

cylinder would be very large the active volume of the detector’s crystal would be small and 

questioning why they would have constructed the detector this way would be hard to answer. 

Applying the known geometry and only changing the radius and height of the vacuum cylinder the 

result changed but a result that would agree on both the small sample and big sample container was 

not possible to achieve. Concluding in that something more is needed to be done. 

5.3 Changing geometry of the simulation in Fluka 
By changing the geometry by applying a more correct sample position and shape the result was 

improved. Adding a copper rod instead of the vacuum cylinder also improved the result. When 

adding air in the sample the result was slightly worsened. Combining all these effects in case 4, the 

result was greatly improved. 

Since in the vacuum cylinder is supposed to be used as a way of cooling the crystal the insertion of 

copper rod seems probable, since that is way more efficient in removing heat than vacuum. 

The sample material is not strictly air and to simulate more accurate, the whole space outside the 

detector should be air and inside the sample it should have the properties of the sample, which 

consist of biologic materials like amino acids and other materials consisting of carbon, nitrogen, 

hydrogen, oxygen etc. 
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6. Recommendation  
 

• Further testing of the detectors structure to see if understanding and implementing its 

structure can improve the result of the specific activity of Cs-137.  

• Construct the nitrogen-flushing system to the detector to get lower background radiation, 

this will lower the statistic variance in each measurement thus increasing the accuracy in 

each measurement. 

• Do this again for other nuclei, like potassium-40, to see if this result is correct for these other 

nuclei cases too. 

• Contacting Canberra to get them to send us more descriptions of the detector, mainly the 

crystal and vacuum cylinder, but also other structure that can be intervening. 

• Making the sample more homogeneous to avoid any effect because mass is unevenly 

distributed. 

• Varying the size of the copper rod in the simulation to see how big effect it causes. 

• There was rumoured that the detector had been repaired at some stage and thus the 

geometry from the validation in 1986 does not necessarily need to be accurate anymore. So 

even if Canberra gives the full description, it could be incorrect. By doing a pet scan or x-ray 

of the detector like FOI did, this problem is solved and could supply more information of the 

detectors structure. 

 

. 

 

 

7. Conclusions  
 

There is a difference between the result of FOIs and UUs method of determine the specific activity of 

Cs-137. 

The geometric structure has a big effect in determining the activity, due to the simulation. It is not 

possible to explain the difference between UU and FOI by only referencing to the unknown size of 

the vacuum cylinder. While doing some changes in the geometry in simulation the result improved. 

By applying a better representation of the sample shape and position between the sample and 

detector the difference of the result between FOI and UU decreased. Inserting a copper rod in the 

geometry of the simulation also decreased the difference. Since the result was improved when 

inserting the copper rod in the simulation and that copper is much better in heat transfer than 

vacuum, it is probable that there is a copper rod in the detector in the vacuum cylinder. 
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