
  
  

  

 

 

 
 

 

Research 

Identifying radiologically 
important ESS-specific 
radionuclides and relevant 
detection methods 

2020:08 
Authors: Kristina Eriksson Stenström, Vytenis Barkauskas, 
Guillaume Pedehontaa-Hiaa, Charlotta Nilsson, 
Christopher Rääf, Hanna Holstein, Sören Mattsson, 
Johan Martinsson, Mattias Jönsson, Christian Bernhardsson 
Lunds universitet, Lund 
Report number: 2020:08 
ISSN: 2000-0456 
Available at: www.ssm.se 

www.ssm.se


SSM 2020:08 



 

 

SSM perspective 

Background 
The European Spallation Source (ESS) facility is under construction in 
Lund, Sweden. High-energy protons will be accelerated in a linear accel-
erator and generate neutrons when hitting a rotating target of tungsten. 
This spallation process will also generate a wide range of diferent radio-
active by-products of which a small part will be released to the environ-
ment during normal operation. Furthermore, in case of an accident 
scenario, gases and aerosols might be released from the tungsten target. 
Emissions from ESS, both during normal operation or in case of an acci-
dent, will difer in radionuclide composition to the environment from 
those activities with ionising radiation that we have experience from in 
Sweden today. Thus, the Swedish Radiation Safety Authority has found 
it of great importance to support the possibilities to increase the knowl-
edge about measurement and analysis of ESS-specifc radionuclides that 
could be useful in the environmental monitoring program when the ESS 
facility starts to generate neutrons in a few years. 

Results 
Based on an extensive literature review of ESS-relevant radionuclides the 
authors concluded that radionuclide production in particle accelerators 
is well known, while experience with tungsten targets is very limited. 

The authors showed a good agreement with results of others, except 
for 148Gd, and that the calculated radionuclide composition is sensitive 
to the nuclear interaction models used by developing an independent 
simplifed model of the ESS target sector for the calculations of radionu-
clide production in the ESS target.  

In this report, suggestions of detection techniques of the most relevant 
ESS-specifc radionuclides in environmental samples are given based 
on a literature review. Liquid scintillation counting (LSC) is suggested 
as a suitable technique e.g. for the beta emitters 3H, 14C, 35S, 31P and 33P. 
Alpha spectrometry is seemed promising for the analysis of alpha-emit-
ting lanthanides, in particular for 148Gd. Among the many types of mass 
spectrometry techniques, inductively coupled plasma mass spectrometry 
(ICP-MS) and accelerator mass spectrometry (AMS) are seemed to be the 
most suitable mass spectrometry techniques for the analysis of long-
lived ESS radionuclides in environmental samples (e.g. 243Am and possi-
bly lanthanides for ICP-MS and 10Be, 14C, 32Si, 36Cl, 60Fe and 129I for AMS). 

Furthermore, this report includes performed experimental parts related 
to initiation of radioactivity measurements of aerosols at Lund’s Univer-
sity, mapping of environmental tritium in the Lund area, and performing 
a baseline study of the tritium content in urine for persons presently 
living or working in Lund. 

This project has resulted in two scientifc publications entitled Prediction 
of radionuclide production in European Spallation Source target using FLUKA 
(Nuclear Instruments and Methods in Physics Research B) and Tritium in 
urine from members of the general public and occupationally exposed workers in 
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Lund, Sweden, prior to operation of the European Spallation Source (Journal 
of Environmental Radioactivity).  

Relevance 
This report gives insight into techniques useful for measurement and 
analysis of ESS-specifc radionuclides and presents results that are of 
interest in SSM’s regulatory supervision of the licensee ESS. 

Need for further research 
Initially, it should be mentioned that the licensee ESS has a responsi-
bility to develop an environmental monitoring program near the ESS 
facility. This includes ensuring the development of the measurement 
methods that are identifed as necessary and to carry out and follow up 
the monitoring program. However, it could still be of interest for SSM 
to give future further support to scientifc research on development on 
specifc techniques enabling quantifcation of ESS-specifc nuclides like 
alpha-emitting lanthanides in various samples (148Gd) and radionuclides 
that are rarely studied and presently in lack of any analytical method. 

Furthermore, development of an extraction procedure for subsequent 
LSC analyse of relevant beta emitters in environmental samples (and in 
urine) could also be of interest for future research projects especially if 
it could be connected to the annual follow-ups of urine content of the 
general public. 

Project information 
Contact person SSM: Peter Frisk 
Reference: SSM 2018-1636 / 703 0237-00 
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Summary 
The European Spallation Source (ESS) is under construction in the outskirts of 
Lund in southern Sweden. When ESS has entered the operational phase in a few 
years, an intense beam of high-energy protons will not only produce the desired 
spallation neutrons from a large target of tungsten, but a substantial number of 
different radioactive by-products will also be generated. A small part of these 
will be released to the environment during normal operation. During an accident 
scenario, a wide range of gases and aerosols may be released from the tungsten 
target. The palette of radionuclides generated in the ESS target will differ from 
that of e.g. medical cyclotrons or nuclear power plants, thus presenting new 
challenges e.g. in the required environmental monitoring to ensure that dose 
limits to the public are not exceeded. 

This project (SSM2018-1636), financed by the Swedish Radiation Safety 
Authority (SSM), aimed to strengthen competence at Lund University for 
measurement and analysis of ESS-specific radionuclides. First, an extensive 
literature review, including modelling as well as experimental analyses, of ESS-
relevant radionuclides was performed. We found that radionuclide production in 
particle accelerators is well-known, while experience with tungsten targets is 
very limited.  

As a second part of the project, an independent simplified model of the ESS 
target sector for the calculations of radionuclide production in the ESS tungsten 
target was developed using the FLUKA code. We conclude that we have a fairly 
good agreement with results of other authors, except for 148Gd, and that the 
calculated radionuclide composition is sensitive to the nuclear interaction 
models used. 

In the third part of the project, known environmental measurement technologies 
for various ESS-relevant radionuclides were reviewed, focussing on pure 
difficult-to-measure alpha- and beta-emitters. Liquid scintillation counting 
(LSC) is a suitable technique e.g. for the important beta emitters 3H, 14C, 35S, 31P 
and 33P. Several ESS radionuclides of relevance for dose estimates have never 
been investigated by environmental analytical techniques, due to their absence 
in the normal environment. Alpha spectrometry seems promising for the 
analysis of alpha-emitting lanthanides, in particular for 148Gd. Among the many 
types of mass spectrometry techniques, ICP-MS (inductively coupled plasma 
mass spectrometry) and AMS (accelerator mass spectrometry) seem to be the 
most suitable for the analysis of long-lived ESS radionuclides in environmental 
samples (e.g. 243Am and possibly lanthanides for ICP-MS and 10Be, 14C, 32Si, 
36Cl, 60Fe and 129I for AMS). 

Three experimental parts were performed during the project, related to initiation 
of radioactivity measurements of aerosols at Lund University, mapping of 
environmental tritium in the Lund area, and establishment of a method to 
measure tritium in urine followed by a study of tritium in persons presently 
living or working in Lund. 

Aerosols were collected at a rural background station (Hyltemossa near 
Perstorp, northern Skåne) using a high-volume aerosol sampler with automatic 
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filter change (DHA-80, Digitel). Gamma spectrometry measurements of 7Be 
agreed rather well with results from a nearby air monitoring station (SSM/FOI). 

Tritium (radioactive hydrogen) is expected to dominate the source term from the 
ESS target station to the environment. We have performed several investigations 
to monitor the current situation of tritium in Lund using LSC: the matrices 
investigated included air humidity, precipitation, pond water, indoor air at one 
accelerator facility and urine from the general public as well as from persons 
who may be occupationally exposed to tritium. Environmental tritium was 
generally very low (<3.4 Bq L-1), with somewhat higher concentration in the 
springtime than during the rest of the year. Tritium in the vast majority of the 55 
urine samples was also very low: only a few exposed workers were found to 
have up to 11 Bq L-1 in their urine, which still is very low compared to e.g. 
reactor workers. 

Suggestions for further actions and work related to measurement and analysis of 
ESS relevant radionuclides are presented. 
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Sammanfattning 
ESS – “European Spallation Source” – är under uppbyggnad i utkanten av Lund. 
När ESS träder in i den operativa fasen om några år kommer en jonstråle av 
protoner med hög energi och effekt att träffa ett stort strålmål (”target”) av 
volfram. Då kommer inte bara de avsedda neutronerna att produceras, utan även 
ett stort antal radioaktiva restprodukter. En mindre del av dessa kommer att 
släppas ut till omgivningen vid normal drift. Vid ett olycksscenario kan ett stort 
antal gas- eller partikelformiga radioaktiva ämnen frigöras och spridas i 
omgivningen. Paletten av olika radioaktiva ämnen i ESS skiljer sig markant från 
den som uppträder t ex i cyklotronacceleratorer inom sjukvården eller 
kärnkraftverk. Nya utmaningar uppkommer därför exempelvis i den 
miljöövervakning som krävs för att garantera att dosgränser till allmänheten inte 
överskrids. 

Denna rapport sammanfattar ett projekt som finansierats av 
Strålsäkerhetsmyndigheten (SSM) och som haft för avsikt att stärka 
kompetensen vid Lunds universitet för mätning och analys av ESS-specifika 
radionuklider. I projektets första del utfördes en omfattande litteraturstudie, 
innefattande såväl modellering som experimentella analyser, av det förväntade 
inventariet av producerade radionuklider inom ESS. Vi kom fram till att 
radionuklidproduktionen i partikelacceleratorer är välkänd, men att erfarenheten 
av strålmål av volfram är ytterst begränsad. 

I del 2 av projektet gjordes en oberoende simulering med koden FLUKA av 
radionuklidproduktionen i en förenklad modell av en av ESS strålmålssektioner.  
Vår slutsats var att överenstämmelsen med andra studier är tämligen god, med 
undantag för 148Gd, och att beräkningarna av olika isotopförhållanden har hög 
känslighet för vilken kärninteraktionsmodell som används. 

I projektets tredje del gjordes en litteraturöversikt av kända mätmetoder för 
omgivningsmätningar av olika ESS-relevanta radionuklider, med fokus på 
svårmätta nuklider och rena alfa- och betastrålare. Mätning med 
vätskescintillator (LSC) är en lämplig teknik t ex för de för ESS viktiga 
betastrålarna 3H, 14C, 35S, 31P och 33P. Åtskilliga ESS-radionuklider med 
relevans för stråldosuppskattningar har aldrig tidigare mätts i miljön (de är 
varken naturligt förekommande eller släpps ut från vanliga typer av kärntekniska 
anläggningar). Alfaspektrometri framstår som en lämplig teknik för framtida 
analys av alfastrålande lantanider, särskilt 148Gd. Av olika masspektrometriska 
metoder tycks ICP-MS (induktivt kopplad plasmamasspektrometri) och AMS 
(acceleratormasspektrometri) vara mest lämpliga för analys av långlivade 
radionuklider i omgivningsprover (t ex 243Am och möjligen lantanider med ICP-
MS samt 10Be, 14C, 32Si, 36Cl, 60Fe och 129I med AMS). 

Tre experimentella delar utfördes inom projektet: initiering av mätning av 
radioaktiva aerosoler, kartläggning av tritiumnivåerna i miljön i Lundatrakten, 
och etablering av en metod för att mäta tritium i urin följt av en studie av tritium 
i människor som för närvarande arbetar eller bor i Lund. 

Aerosoler samlades in på en bakgrundsstation på norra Skånes landsbygd 
(Hyltemossa utanför Perstorp) med en högvolym-aerosolinsamlare med 
automatiskt filterbyte (DHA-80, Digitel). Mätningar av 7Be med 
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gammaspektrometri överensstämde tämligen väl med resultat från en närbelägen 
luftövervakningsstation (SSM/FOI). 

Tritium tros att dominera källtermen från ESS strålmålsstation till omgivningen. 
Vi har genomfört flera undersökningar av dagens nivåer av tritium i Lund med 
LSC: undersökta provtyper inkluderar luftfuktighet, nederbörd, vatten från 
dammar, inomhusluft vid en acceleratoranläggning och urin från allmänhet såväl 
som potentiellt yrkesmässigt exponerade personer. Tritiumhalten i 
omgivningsproverna var generellt mycket låg (<3,4 Bq L-1), med något högre 
nivåer under våren än under övriga året. Majoriteten av urinproven uppvisade 
också ytterst låga tritiumvärden: endast ett fåtal yrkesmässigt exponerade 
personer hade upp till 11 Bq L-1 in urinen, även det ett lågt yrkesbetingat värde. 

Förslag på fortsatt mätning och analys av ESS-relevanta radionuklider 
presenteras i slutet av rapporten. 
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Abbreviations and notations 
A Mass number 

AMS Accelerator Mass Spectrometry 

δD delta D, i.e. relative deviation of the 2H/1H ratio of a sample 
compared to that of a standard 

DNP Division of Nuclear Physics, Lund University 

DTM Difficult-To-Measure 

E Energy 

EC Electron Capture 

FOI Swedish Defence Research Agency 

GDMS Glow Charge Mass Spectrometry 

GNIP Global Network of Isotopes in Precipitation 

HL Half-Life 

HPGe High Purity Germanium 

HTO Tritiated water 

HWFM Half Width at Full Maximum 

IRMS Isotope Ratio Mass Spectrometry 

ICP-MS Inductively Coupled Plasma Mass Spectrometry 

IT Isomeric Transition 

LSC Liquid Scintillation Counting 

LU Lund University 

MRPM Medical Radiation Physics, Malmö, Lund University 

NAA Neutron Activation Analysis 

OBT Organically Bound Tritium 

PIPS Passivated Ion-implanted Planar Silicon 

PMT Photo Multiplier Tube 

RIMS Resonance Ionization Mass Spectrometry 

SIMS Secondary Ion Mass Spectrometry 

SSM Swedish Radiation Safety Authority 

ST Source Term 

T Tritium 
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T1/2 Physical half-life 

TDCR Triple-to-Double Coincidence Ratio 

TIMS Thermal Ionization Mass Spectrometry 

Z Atomic number 

vii 



 

 

 

   
    
   

 
 

 
 

   
   

 
 

   
   

   
   

   
 

 
    

   
 

 
   

   
   

 
 

 
   
   

   
   
   
   

   

   
   
   

   
   
    
   

   
   
 

 
   
   
   

   
   

Contents 

1. Introduction ............................................................................. 1 
1.1. Background........................................................................ 1 
1.2. Objectives .......................................................................... 2 

2. Radionuclide production in the ESS facility – a literature
review....................................................................................... 3 

3. Modelling the radionuclide content of the ESS target using 
FLUKA...................................................................................... 4 

4. Measurement technologies for selected radionuclides...... 6
4.1. Gamma-ray spectrometry .................................................. 6 

4.1.1. Example: gamma-ray spectrometry of various 
environmental matrices ........................................... 7 

4.1.2. Example: gamma-ray spectrometry of aerosols ...... 7 
4.2. Liquid scintillation counting ................................................ 7 

4.2.1. Example: Tritium measurements using LSC ........... 9 
4.3. ICP-MS and other mass spectrometric techniques ......... 10 

4.3.1. Example: Actinides in environmental samples ...... 11 
4.3.2. Example: Stable lanthanides in environmental 

samples ................................................................. 12 
4.4. Accelerator mass spectrometry ....................................... 12 

4.4.1. Example: 14C analysis using AMS ......................... 13 
4.4.2. Example: AMS analysis of other long-lived beta 

emitters.................................................................. 15 
4.5. Alpha spectrometry .......................................................... 15 

4.5.1. Example: Alpha spectrometry of aerosols ............. 16 
4.5.2. Example: Alpha-spectrometry analysis of 148Gd and 

154Dy in lead and tantalum..................................... 17 
4.5.3. Example: Alpha spectrometry in environmental 

samples ................................................................. 18 
4.6. Activation analysis ........................................................... 18 
4.7. Detection techniques for selected ESS radionuclides ..... 19 

4.7.1. Lanthanides........................................................... 19 
4.7.2. Other alpha emitters .............................................. 22 
4.7.3. Beta emitters ......................................................... 23 
4.7.4. Emergency radionuclides ...................................... 26 

4.8. Summary and conclusions .............................................. 26 

5. Baseline measurements ....................................................... 28 
5.1. Previous background measurements, a summary .......... 28 
5.2. Aerosols ........................................................................... 29 

5.2.1. Introduction ............................................................ 29 
5.2.2. Location and methods ........................................... 31 
5.2.3. Results and discussion.......................................... 33 
5.2.4. Conclusion and outlook ......................................... 35 

5.3. Tritium in the environment ............................................... 36 
5.3.1. Introduction ............................................................ 36 
5.3.2. Environmental tritium measurements in the Lund 

area ....................................................................... 39 
5.4. Tritium as water vapour inside an accelerator facility ...... 52 
5.5. Tritium in luminous objects .............................................. 52 
5.6. Tritium in man .................................................................. 53 

5.6.1. Purpose of the study ............................................. 53 
5.6.2. Sample collection .................................................. 54 

viii 



 
 

   
    
   
   

   

   

   

    

 

  

 

 
 

 
 

  

5.6.3. Analytical method .................................................. 54 
5.6.4. Results................................................................... 55 
5.6.5. Discussion ............................................................. 56 
5.6.6. Conclusion ............................................................. 57 

6. Summary and conclusions .................................................. 59 

7. Outlook .................................................................................. 62 

8. Acknowledgement ................................................................ 64 

9. References............................................................................. 65 

Appendix 1. Review of radionuclides in ESS ........................... 78 

Appendix 2. Procedure tritium in air and precipitation ......... 110 

Appendix 3. Isotope fractionation to take into account in 
analysis of tritium ............................................................... 125 

Appendix 4. Example of material to participants in tritium-in-
man study (neighbours) ..................................................... 145 

Appendix 5. Procedure: Sample preparation of tritium 

.............................................................................................. 157
samples and measurement by liquid scintillation counting

ix 



 

  

 
   

 
   

  
 

  
 

  

 
  

 

 

  
   

 
 

 
 

 

  

1. Introduction 
This introductory chapter gives the background to and the objectives of the 
project SSM2018-1636, financed by the Swedish Radiation Safety Authority 
(SSM). 

1.1. Background 
The neutron-based research facility European Spallation Source (ESS) is under 
construction in the outskirts of Lund in southern Sweden. In the heart of ESS, 
consisting of a large target of tungsten (atomic number Z = 74), proton-induced 
spallation will not only generate the desired neutrons, but radioactive by-
products will also be produced. The main part of these will be of lower Z than 
the target element itself (see e.g. [2]). The operation of any high-energy 
accelerator facility inevitably generates radionuclides through nuclear reactions 
not only in the instrumental parts itself, but also indoor air, surrounding soil and 
water will be activated [3, 4]. Radioactive gases as well as radioactive aerosols 
are expected to be formed in the accelerator tunnel during normal operation (see 
e.g. [5, 6]). Parts of the radionuclides generated during normal operation will be 
released to the environment e.g. through the ventilation stacks of the ESS 
facility [6]. During an accident scenario, a wide range of gases and aerosols e.g. 
from the tungsten target may be released, inhaled by workers as well as by the 
general public and - in case of aerosols – also deposited on the ground [7].  

The palette of radionuclides generated in the ESS target will differ from that of 
e.g. medical cyclotrons and nuclear power plants, thus presenting new 
challenges e.g. in the required environmental monitoring to ensure that dose 
limits to the public are not exceeded. A wide range of alpha and beta emitters 
are expected to be formed at the ESS, some of which are pure alpha and beta 
emitters, and which cannot be detected with gamma spectrometry. Examples of 
pure beta emitters are 3H, 14C, 55Fe, 63Ni, 89Sr and 90Sr. A number of alpha 
emitters are believed to become of essential importance, due to their radiotoxic 
effects, such as 148Gd, 150Gd, 154Dy and 146Sm [8, 9]. 

This report summarizes the activities of a one-year project financed by SSM and 
related to ESS-specific radionuclides. In the announcement SSM stated that the 
purpose of the project was to develop competence and knowledge about 
measurement and analysis of the specific radionuclides that will be generated by 
ESS. The world-wide experience from operation of high-power spallation 
facilities such as ESS is very limited, hence the importance of maintaining and 
developing competence to perform dose assessment through actual 
measurements. 
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1.2. Objectives 
The objectives of the project were: 

 To perform an exhaustive review of the published literature related to 
the expectation of radionuclides to be formed in the ESS target. 

 To perform an independent modelling of the radionuclide content to be 
produced in the ESS target, using the Monte Carlo-based simulation 
code FLUKA, and compare the outcome with published data. 

 To review and suggest sample detection techniques of the most relevant 
ESS-specific radionuclides in environmental samples, and to identify 
the need of development of new techniques. Particular attention was 
devoted to liquid scintillation counting (LSC). 

 To test performance of the aerosol collection instrumentation at the 
ICOS/ACTRIS rural background site Hyltemossa (near Perstorp in 
northern Skåne) for assessment of radioactive aerosols, using gamma 
spectrometry, and to initialize alpha spectrometry measurements of 
aerosol samples. 

 To perform baseline measurements of tritium in environmental samples 
in Lund, including a one-year study of precipitation and air humidity, 
and additional surveys of surface waters. 

 To map the levels of tritium in humans in the Lund area, including 
members of the general public, ESS neighbours, ESS personnel and 
workers currently exposed to tritium, through urinary assessment of 
waterborne tritium. 

The outcome of these tasks is described consequently in the report. In the final 
part, the work is summarized, and an outlook is provided with suggestions of 
further actions. 
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2. Radionuclide production 
in the ESS facility – a 
literature review 

This section contains a summary of the report “Review of radionuclides in 
ESS”, which is added as an appendix. 

The review of radionuclides which may be produced in ESS was performed in 
accordance with one of the project objectives. The review was based on data in 
available ESS documentation, as well as on scientific publications, covering not 
only ESS, but also other spallation sources and linear accelerators. The 
information provided is based on both modelling and experimental analysis. The 
list of identified long-lived radionuclides (10 hours and longer half-lives) was 
made with references where the particular radionuclides were identified. The list 
is given in Appendix A of Appendix 1. 

The current report focusses on laboratory-based methods for assessment of 
Difficult-To-Measure (DTM) radionuclides. Such techniques have to take time 
necessary for sampling, sample treatment and measurement into account. Thus, 
it is difficult to measure short-lived DTM radionuclides, since they may decay 
significantly before measurement is practically possible. In the literature we 
limited the half-life of the radionuclides to longer than 10 hours. Thomas and 
Stevenson [10] are proposing this limit for hydrology studies, since 
radionuclides with too short a half-life will decay so rapidly as to be of no 
potential hazard when they reach a public water supply. Their activity is reduced 
1000 times in 4 days or faster, i.e. they are relevant only for very specific 
accident scenarios and their impact for environment is short-term. 

The radionuclides are relevant for radioactive waste management issues as well. 
The most important findings of our study are: 

 Experimental data from tungsten spallation targets composition studies 
exists, but it is limited, and more experimental data is needed to verify 
existing calculations. Additionally, theoretical spallation models have to 
be further developed, taking experimental data into account. 

 The induced radioactivity in linear accelerators is a well-known 
phenomenon, described in a number of publications. Radionuclides 
produced in air, structural elements and soil are also known and listed in 
those publications. No unique or very rare radionuclides should be 
generated in the accelerator structures. 

 The radionuclides with the highest dose coefficients are the alpha 
emitters 241, 243Am, 228Th, 150, 148Gd, 146Sm, and 154Dy. For most alpha 
emitters, inhalation dose coefficients are higher than the ingestion ones. 
Other radionuclides with the high inhalation and ingestion dose 
coefficients include 129, 126, 131, 125I and 137, 134Cs as well as 210Pb, 60Fe, 
178mHf, 90Sr, 44Ti and 166mHo.  

The full report is given in Appendix 1. 
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3. Modelling the 
radionuclide content of 
the ESS target using 
FLUKA 

This section contains a summary of the report “Prediction of radionuclide 
production in European Spallation Source target using FLUKA”, published in 
Nuclear Instruments and Methods B [11]. 

An independent, simplified model of the ESS target sector for the calculation of 
radionuclide production in the ESS tungsten target has been developed. The 
major components of the ESS target were included in the model, but with 
simplified geometries. This includes target itself, water pre-moderator, hydrogen 
moderator, and beryllium reflector. Bulk shielding around the model and 
moderator-reflector plug were not included in the model.  

The FLUKA code was used for calculations. FLUKA is a general-purpose tool 
for calculations of particle transport and interactions with matter using the 
Monte Carlo method and it has been used to solve a wide range of particle 
transport problems. It can be used to calculate radionuclide production in the 
ESS target, as it is possible to simulate high-energy particle interactions, as well 
as the behaviour of low-energy neutrons. Ten relevant radionuclides, important 
immediately after shutdown, and nine radionuclides important after several 
years of decay, were selected for comparison with the results obtained by other 
authors. The selection was based on radionuclide dose coefficients and total 
predicted activities. This was performed in order to verify our model and justify 
its suitability for this type of calculations. Attention should be paid that 
radionuclides were selected mainly for the demonstration of model validity, i.e. 
we were not intending to cover all most relevant radionuclides. One of the 
important factors for selection was if the activity of the radionuclide was 
reported in other publications. 

The predicted radionuclide production was higher than estimated by other 
authors for most of the radionuclides considered. The differences between our 
results and those of Mora et al. [8] are greater than those between our values and 
those from the PSAR [12] and Kókai et al. [13].  However, the differences were 
less than a factor of five for all radionuclides analysed, except 148Gd. Evaluation 
of 148Gd production is not an easy task. The order-of-magnitude errors in the 
nuclear data available for 148Gd are not surprising, given the spread in available 
simulation results. Slightly different physical assumptions are used in the 
various models, and the activities obtained therefore differ, especially in the 
deep spallation region. FLUKA uses the PEANUT package, which includes a 
very detailed GINC model and a pre-equilibrium stage model. We believe 
differences in 148Gd activities predictions can be attributed to differences in 
spallation and nuclide evaporation models. 
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The calculated 3H activity was very close to the highest values obtained with 
other spallation models. Considering impurities that may be present in the 
tungsten target did not significantly affect the activities of the radionuclides 
produced in the target. We noticed the impact of impurities for the reduced 
concentration of 90Sr, but the absolute change of 90Sr concentration is not very 
significant. Radionuclide production profiles in the target were also investigated 
and were found to differ depending on the radionuclide. 

The relative uncertainty in the estimated activity of 90Sr was highest (65%) 
among the radionuclides considered in this study.  The relative uncertainties for 
the other radionuclides varied from 0.5% (3H) to 12% (60Co). These 
uncertainties are only those caused by the statistical nature of Monte Carlo 
neutron transport calculations. The impact of uncertainties in nuclear data 
(cross-section) and sensitivity to other parameters were not considered in this 
study. 

The calculated activities can be further used as input for the source term in an 
accident analysis. Moreover, the model and the results of this study can be used 
in the coarse radiological characterization of the ESS target. 

The full text of the paper, entitled “Prediction of the radionuclide inventory in 
the European Spallation Source target using FLUKA”, is published in Nuclear 
Instruments and Methods in Physics Research, Section B [11]. 
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4. Measurement 
technologies for 
selected radionuclides 

This section starts with a general and very brief introduction to common 
measurement techniques used for radionuclide-specific measurement of 
radionuclides mainly present in the environment, but for some cases also for 
radionuclides produced in the spallation targets. Special attention is devoted to 
liquid scintillation counting and difficult-to-measure alpha- and beta-emitting 
radionuclides. Suggestions for measurement methodologies of the selected 
radionuclides from the review and FLUKA simulations above are briefly 
described and discussed. The need for development of new methodologies is also 
discussed. 

4.1. Gamma-ray spectrometry 
Gamma-ray spectrometry can be referred to as the main technique of 
radionuclide analysis. In many radioactive decays (e.g. for most alpha and beta 
emitters), the daughter nucleus emerges in an excited state. Emission of high-
energetic electromagnetic radiation in the range of a few keV to several MeV – 
gamma radiation – is one way for the new-born daughter nucleus to deexcite to a 
lower energy level or to the ground state. The energy of the gamma radiation 
emitted corresponds to a difference in energy levels of the nucleus in question, 
and since the energy levels are nuclide-specific, the energy of the gamma 
radiation can be used to identify the daughter nuclide, and hence its mother 
nuclide. This is the basis of gamma-ray spectrometry. 

Typical for gamma radiation is its high penetrative power in matter and thus 
very long range. Detection of gamma radiation is based on its ability to ionize 
the detector material through the basic interaction processes photoelectric 
absorption, Compton scattering and pair production. The ultimate gamma-ray 
detector would completely convert all gamma energy to free electrons in the 
detector. In reality, however, incomplete absorption and interactions with 
materials surrounding the detector will produce a background in the detector’s 
energy spectrum. Background may also arise from cosmic radiation and 
naturally occurring as well as anthropogenic radionuclides (valid for all types of 
detectors, not only gamma-ray detectors). This background must be corrected 
for (see e.g. [14, 15]).  Furthermore, detector calibration and use of correction 
factors are essential to ensure high-quality results [16]. Problems to resolve 
photopeaks in complicated spectra may be a limiting factor, as well as the 
detection limit [16]. In such cases, other measurement techniques need to be 
used or radiochemical separations needed, even if the radionuclide of interest 
emit gamma radiation. 

Various types of gamma-ray detectors are available, of which high resolution 
gamma-ray spectrometry using high-purity germanium (HPGe) detectors is 
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suitable for many applications including environmental radiology (see e.g. [14, 
15] for further information). The energy resolution of HPGe detectors used for 
environmental radiology can be in the order of 2 keV for 1.33 MeV (60Co) (see 
e.g. [17]). Detection limits are dependent e.g. on instrument efficiency, 
background levels and background measurement time. E.g., for laboratory-based 
large-efficiency detectors (up to 200% relative to 7.6 cm diameter x 7.6 cm long 
NaI(Tl) detectors), used in measurements of the radionuclide purity of materials, 
detection limits may typically reach ~1 mBq kg-1 [17]. Typical MDAs for in situ 
determination of contemporary radioactivity in soil samples using a 25% relative 
efficiency p-type HPGe detector (10 min counting time) are about 1.8 Bq kg-1 

e.g. for 60Co and 137Cs [15]. 

Using coincidence techniques in gamma spectrometry, it is possible significantly 
improve the detection limit of the detection system, rejecting events induced by 
cosmic-rays or by environmental radionuclides. For low-level measurements 
data acquisition with dual detector systems enables increasing the efficiency by 
the use of the sum-coincidence method [18, 19]. 

A benefit of gamma spectrometry is that samples often can be measured without 
chemical separation. The main limitation of gamma spectrometry lies in that 
only gamma emitters can be quantified with this technique, and not pure alpha 
and beta emitters. Additionally, the counting efficiency is generally low and 
background is often high [20]. The detection limit of gamma spectrometry is 
usually higher than for alpha spectrometry and beta measurements [20]. 

4.1.1. Example: gamma-ray spectrometry of 
various environmental matrices 

Bernhardsson et al [21] used in situ as well as laboratory-based gamma 
spectrometry to map the preoperational radiation environment of ESS in the 
years 2017-2018. See section 5.1 for a summary of this study. 

4.1.2. Example: gamma-ray spectrometry of 
aerosols 

The main nuclear analytical technique for assessment of radioactivity in aerosols 
involves gamma-ray spectrometry, which may be laboratory-based or in situ 
(see e.g. [22-25]). In the present project, gamma spectrometry has been applied 
to aerosol samples collected at a rural background station (see section 5.2). 

4.2. Liquid scintillation counting 
Liquid scintillation counting (LSC) is a radiometric technique that may be used 
for quantification of several ESS-relevant radionuclides. LSC is ideal for beta-
emitting radionuclides and instruments equipped with a pulse-shape analyser 
can also measure alpha emitters in the presence of beta emitters (alpha-beta 
discrimination). LSC can e.g. also be used for gamma emitters (in particular for 
low energy), and radionuclides whose decay modes include emission of X-rays, 
Auger electrons or internal conversion electrons. This report does not aim to 
give a full description of the LSC technique, but a brief introduction to its 
principles is provided. For a more detailed description, see e.g. [15] , or [26] (a 
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recent paper by Hou which summarizes the use of LSC in environmental and 
nuclear applications, and describes the development of the technique since its 
infancy in the 1950’s). 

E.g., for beta emitters, LSC makes use of the fact that the electrons emitted in 
beta decay are easily stopped in matter, mainly by interactions with other 
electrons of the stopping material. The basic principle of LSC is usually to first 
extract the radionuclide of interest (preferably in liquid form) and then mix the 
sample with a cocktail containing a solvent (to obtain a homogenous counting 
solution) as well as small amounts of a scintillator. Several types of cocktails are 
commercially available, designed to fit a specific radionuclide as well as sample 
type (e.g. aqueous, alkaline or acid solutions). The mixtures of sample and 
cocktail are placed in transparent vials of glass or plastic (plastic vials generally 
give lower background than glass vials [15]). The amounts of sample and 
cocktail used depend on the application and activity concentration. For 
environmental samples, vials of 20 ml are often used and sample to cocktail 
ratios vary significantly. For the aqueous tritium samples of the present study 
the sample to cocktail ratio was 1:1 (10 ml of each). The cocktail is however not 
always needed. E.g., for high-energy beta particles of energy > 263 keV in 
aqueous solutions, Cherenkov radiation (photons in the region from ultraviolet 
to visible wavelengths) is produced, which can be detected by the LSC 
instrument. Examples of radionuclides that can be detected using Cherenkov 
radiation are 32P, 90Sr(90Y), 86Rb and 89Sr [15]. 

The solvents may be aromatic organics such as toluene or xylene, which 
however are hazardous, or more safe options. The scintillator contains 
luminescent substances (primary and secondary phosphors). The energy from 
e.g. a beta particle is transferred to the solvent molecules, which in turn transfer 
energy to the primary scintillator. Deexcitation of the primary scintillator results 
in photons, however of unfavourable wavelength for effective detection. A 
secondary scintillator (wavelength shifter) may therefore be used to transform 
the light into a wavelength that is suitable to induce photoelectrons in the 
photocathode of the photo multiplier tube/tubes (PMTs) used in the LSC 
instrument. The PMT converts the light into a measurable electrical signal. The 
signal height of the electrical pulse (amplitude) is a measure of the energy 
deposited, and by using a multichannel analyser, an energy spectrum (and the 
rate of beta emission) can be obtained. One type of instrument uses two PMTs in 
coincidence (to only include true signals stemming from the initial ionizing 
radiation, which are detected in both PMTs). A newer instrument type, called 
triple-to-double coincidence ratio (TDCR), uses three PMTs giving two different 
coincident outputs (see e.g. [15, 26]). The TDCR method is used for absolute 
measurements of pure beta and EC emitters, and does not rely on internal or 
external radiation sources for determination of the efficiency of the 
measurement [15, 26].   

The counting efficiency in LSC depends on several factors, such as the energy in 
case of beta emitters (higher efficiency for higher beta energies). The instrument 
used for the tritium measurements (low-energy beta) in this report (Beckman LS 
6500) typically has an efficiency of about 24%. For alpha emitters the efficiency 
of LSC instruments is usually approximately 100% [15]. The term quenching 
refers to loss of photons before reaching the PMTs and is thus related to the 
efficiency of the measurement. Three phenomena exist: chemical quenching, 
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colour quenching and ionization quenching [15]. Different methods exist to 
assess the quenching, and hence efficiency, of a sample, see e.g. [15]. In the 
present study of tritium, Horrocks’ method for quenching correction was used 
[27]. 

Alpha/beta discrimination in LSC is based on the fact that alpha and beta 
radiation result in electric signals of different lengths (pulse decay times), with 
alpha particle pulses being 35-40 ns longer than that of beta particles [15]. The 
energy spectra may often overlap. Alphas interact less efficiently than betas to 
transfer energy to the solvent and scintillator, producing a pulse height 
corresponding to about 10% of its decay energy. Thus, the monoenergetic alpha 
peaks (original energy in the order of MeV) are recorded at some hundred keV, 
often overlapping the continuous beta spectrum of some beta emitter (see e.g. 
Figure 7.2 in [15]). Taking the unique energy of alpha particles as well as the 
longer pulse duration into account, alpha emitters can often be identified and 
quantified using LSC. The energy resolution of most commercial LSC systems 
is however poor (about 20-25%), which makes alpha spectrometry difficult. In 
environmental LSC, the activity concentrations are of natural and/or 
anthropogenic radionuclides are generally low, making low instrumental 
background of utmost importance for measurements of sufficient precision. 

Examples of radionuclides which may be quantified by LSC include e.g. tritium, 
14C, 32P, 33P, 35S, 36Cl, 41Ca, 45Ca, 49V, 51Cr, 55Fe, 59Fe, 63Ni, 65Zn, 67Ga, 86Rb, 
89Sr, 90Sr, 90Y, 93Zr, 99Tc, 125I, 129I, 210Pb and 241Pu [15, 26]. Some positron or EC 
emitters which may be measured by LSC include 18F, 34mCl and 34Cl, 54Mn, 
68Ga, 85Sr, 88Y, 109Cd, 111In, 123I, 125I, 133Ba and 139Ce [15]. 

Detection limits and accuracy depend e.g. on radionuclide as well as the 
instrument used (signal-to-noise ratio), vial type, measurement times and sample 
volume (see e.g. [15, 20]). A drawback of LSC is the need for time- and labour-
consuming quench correction, and not rarely, sample preparation.  

4.2.1. Example: Tritium measurements using LSC 
LSC is the most common technique for measurement of tritium (pure, low-
energy beta-emitter). Alternative measurement methods include ionization 
chambers and gas proportional counters (to be used mainly in case of high 
activities) [26]. Accelerator mass spectrometry may also be used, mainly for 
very small amounts of tritium [28]. Sample preparation methods preceding LSC 
measurement of environmental samples are outlined e.g. in [1] and are 
summarized in Figure 1. Electrolytic enrichment (resulting in concentration of 
tritium in water due to isotope fractionation when water molecules are 
electrolytically decomposed) may also be used [29]. Environmental tritium is 
present in low levels, and requires LSC instruments with a low background [29]. 

 LSC has been used in the present study to measure tritium in air humidity, 
water and urine, see below. 
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Figure 1: Sample preparation techniques for various environmental matrices before tritium 
analysis using LSC. Adapted from  [1]. Water samples may also be electrolytically enriched prior 
to LSC measurement. 

4.3. ICP-MS and other mass 
spectrometric techniques 

A number of mass spectrometric (MS) techniques are used for quantification of 
different long-lived radionuclides [15]. The fundamental principle of MS 
systems is to ionize the sample, accelerate the ions (keV) and make use of 
magnetic and electrostatic fields to separate different ions depending on mass, 
energy and charge. Mass spectrometric techniques thus do not rely on detection 
of the emitted radiation and are instead atom-counting methods. A most useful 
mass spectrometric technique in environmental measurements of radionuclides 
is inductively coupled plasma mass spectrometry (ICP-MS), which exhibit 
extremely low detection limits [15, 30]. The most investigated radionuclides by 
ICP-MS and laser ablation ICP-MS (LA ICP-MS) include 79Se, 90Sr, 99Tc, 210Pb, 
226Ra, 228Ra, 230Th, different uranium and plutonium isotopes and 241Am and 
243Am. 

In ICP-MS the sample is introduced into the ion source under atmospheric 
pressure as a nebulized solution (aerosols) or as ablated material [15]. Ions 
(generally positive) are formed from the sample in a plasma in the ion source 
and the ions are accelerated to the keV range prior to separation according to 
mass, energy and charge by a magnetic field (obtaining mass spectra with 
intensity as a function of the mass-to-charge ratio). The ICP-MS system may be 
preceded e.g. with liquid chromatography (LC, HPLC), gas chromatography 
(GC) or supercritical fluid extraction (SFC) [15]. In general, ICP-MS requires 
significantly less sample preparation than radiochemical techniques, with the 
exception of the determination of long-lived radionuclides  [15]. As summarized 
in [15], ICP-MS offers simultaneous determination of all-matrix, trace elements 
and ultratrace elements with very low detection limits (0.001-0.1 pg mL-1). Only 
very small amounts of analyte are required (< ng) and the precision of trace 
element determination can be about ±2-5% [15]. Isotope ratio measurements can 
be very precise (0.001% using multiple ion collectors ICP-MS) [15]. The major 
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limitation is interference of molecular ions in the mass spectra [15, 20]. This can 
be exemplified with analysis of 14C, which is hindered by interference from e.g. 
its molecular isobar 13CH. 

Thermal ionization mass spectrometry (TIMS) is another technique used for the 
determination of isotopic ratios, in particular of long-lived radionuclides [31]. In 
TIMS, down to 1 µL of the sample solution is dried on a metal filament, usually 
made of tungsten or rhenium. Generally, a two-filament system is used, one with 
the sample and one without, their heating in the instrument will evaporate and 
ionise the nuclides from the sample which will then be analysed by a multi-
collector mass spectrometer. The reference method for TIMS measurement is 
called total evaporation where the full amount of sample on the filament is 
evaporated in order to avoid isotope fractionation [32]. The main advantage of 
TIMS is its high accuracy in isotope ratio measurements (0.001% or less) [20]. 
In addition to U, Th and Pu isotopes, TIMS was used for other radionuclides 
such as 41Ca, 126Sn, 226Ra, 228Ra, 241Am, 243Am, 242Cm [20, 32]. 

Glow discharge mass spectrometry (GDMS) is a powerful and efficient 
analytical method for the direct trace element analysis of solid samples. In 
GDMS, an argon gas glow discharge is used as an ion source. The cathode 
surface consisting of the sample material is sputtered by Ar ions, which are 
formed in a low-pressure argon plasma and accelerated towards the cathode. 
Sputtered neutral particles of the sample are ionized in the glow discharge 
plasma (‘negative glow’) by Penning and/or electron impact ionization and 
charge exchange processes. The analysis of non-conducting materials by GDMS 
is possible but difficult due to charge-up effects on the sample surface. GDMS 
were reported for the determination of long-lived radionuclides in biological, 
geological and environmental samples [31] such as 237Np, 137Cs and 90Sr [20]. 

Resonance ionisation mass spectrometry (RIMS) is a highly selective and 
ultrasensitive method for measurement of ultratraces in samples [31]. Atoms of 
the desired element (or isotope) are selectively excited and ionised by a laser. 
Undesired ions in the mass spectrometer can be suppressed to a significant 
extent which leads to less isobaric interferences than ICP-MS or even TIMS 
[15]. The use of RIMS is limited since it is technically difficult to properly 
operate and requires a lot of skill and strong technical support. Thus there are 
fewer examples of its application to environmental samples compared to ICP-
MS [15]. RIMS has been used for the determination of long-lived radioisotopes 
such as 238-244Pu, 90Sr and 41Ca [33]. Also noble gases such as 39Ar and 81,85Kr 
have been studied using RIMS [33]. 

4.3.1. Example: Actinides in environmental 
samples 

ICP-MS is widely used to monitor levels of natural and anthropogenic actinides 
and their isotopic ratios in the environment. The use of multi-collector ICP-MS 
is particularly advantageous since it allows the simultaneous measurement of 
different isotopes at multiple detectors [34]. Chemical separation of the samples 
is often required to avoid isobaric interferences (isotopes of different elements 
with the same mass). Actinides have been analysed in all types of environmental 
samples (e.g. soil, water and biota) with low detection limits. 
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For example, Varga et al  [35] selectively separated plutonium and americium 
from contaminated samples originating from the regions of Chernobyl, Ukraine, 
and Mayak, Russia. The analysis of the isotopic ratios by ICP-MS provided 
information about the origin and date of the contamination. 

Depending on the complexity of the chemical separation method, pure fractions 
of many actinides can by extracted from an environmental sample. Harrison et 
al [36] analysed Th, U, Pu and Am from water, soil, sediment, vegetation and 
seaweed by ICP-MS. 

4.3.2. Example: Stable lanthanides in 
environmental samples 

Considering the importance of some lanthanide isotopes, such as 148Gd, in the 
list of radionuclides which will be produced in the tungsten target of the ESS, it 
is relevant to consider ICP-MS as a technique for their analysis. In the literature, 
authors focus mainly on stable lanthanides which are of course much more 
common than the radioactive ones. The full series of lanthanides, from 
lanthanum to lutetium, is chemically very homogeneous. Lanthanides can be 
analysed individually but are more often analysed as a series to detect anomalies 
in their concentration (lack or excess of one of them compared to the rest of the 
series) [37]. 

Stable gadolinium is of particular interest in environmental samples due to its 
use as a contrast agent for MRI. Hatje et al [38] monitored the increase of 
anthropogenic gadolinium levels in the aquatic environment of the San 
Francisco Bay, USA, over 20 years. After extraction from the water matrix, the 
lanthanides were analysed by ICP-MS. In our group, we have shown increased 
gadolinium levels in Fucus from the Swedish west coast during the last ten years 
(Mattsson S, Long-time variations of radioactive substances and metals in the 
marine environment of the Swedish west coast as studied by brown seaweed 
(Fucus serratus and Fucus vesiculosus), project SSM2018-905). The gadolinium 
increase in water is attributed to the increasing use of Gd-containing contrast 
agents for MRI in hospitals. 

Gadolinium is not the only lanthanide that can be characterised by ICP-MS. 
Plausitainis et al [39] reported increased levels of erbium in water samples from 
the Chernobyl exclusion zone. After chemical extraction and pre-concentration, 
the authors analysed the full series of lanthanides by ICP-MS and observed 
important concentration anomalies of erbium and smaller ones of cerium and 
europium. 

4.4. Accelerator mass spectrometry 
Accelerator mass spectrometry (AMS) is another ultrasensitive mass 
spectrometric technique, which counts the relative isotopic abundance (stable as 
well as radioactive isotopes of the same element) in a sample compared to that 
of a standard. It is particularly useful for a number of long-lived radionuclides at 
ultralow abundances. One key component of AMS systems is the ion source, 
which produces singly charged negative ions. This prevents interference of some 
isobars (e.g. 14N is avoided in case of 14C analysis, since nitrogen does not form 
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stable negative ions). Another important feature is that AMS systems operate in 
the energy range of hundreds of keV to several MeV, which allows destruction 
of molecular isobars using a stripper gas or foil. The general principle of AMS 
compared to fundamental mass spectrometry is outlined in Figure 2. The AMS 
technique is described in detail e.g. in [28, 40, 41]. Various radionuclides often 
require a specific AMS system. Several types of AMS systems exist, e.g. 
operating at different voltages, employing various electrostatic and magnetic 
filtering devices for removal of isotopic and isobaric interferences and different 
ion identification techniques, such as solid state detectors, gas ionization 
detectors, time-of-flight detectors and X-ray detectors (for the latter, useful for 
59Ni, see e.g. [42, 43]).  

The main AMS radionuclide is 14C and compared to LSC the AMS technique 
has the advantage of smaller sample sizes and shorter measurement times (mass 
< 1 mg and measurement times < 1 h). Samples containing more than ~10 times 
the contemporary 14C specific activity is not suitable for AMS measurement, due 
to the risk of contamination of the sample preparation system and the ion source 
of the AMS instrument. 

Other AMS radionuclides are 3H, 7Be, 10Be, 22Na, 24Na, 26Al, 32Si, 36Cl, 39Ar, 
41Ca, 44Ti, 53Mn, 55Fe, 59Ni, 60Fe, 63Ni, 68Ge, 79Se, 81Kr, 90Sr, 99Tc, 107Pd, 126Sn, 
129I, 146Sm, 182Hf, 202Pb, 205Pb, 236U, 237Np and 239Pu [28, 41]. The AMS 
technique requires element specific sample preparation, which extracts the 
element in question into a form that is suitable for ion source of the AMS system 
[28]. Sample preparation for 14C samples to be used at the Lund AMS facility 
[44, 45] is e.g. described in [21]. 

Detection limits and accuracy for a specific radionuclide depend e.g. the 
instrument used, sample preparation and measurement times. Abundance ratios 
of 10-15 may be achieved e.g. for 14C and 36Cl [28]. Precision of AMS 
measurements is typically 0.5 to 2% for several radionuclides [28]. 

4.4.1. Example: 14C analysis using AMS 
Analysis of anthropogenic 14C in environmental matrices is well-established. 
Annual growth rings of trees are e.g. suitable for retrospective dose assessment 
of airborne 14CO2 releases e.g. from nuclear power plants (see e.g. [21, 46]). 
Figure 3 shows the general methodology for 14C analysis using the Single Stage 
AMS (SSAMS) facility at Lund University [44, 45], used for samples collected 
in the vicinity of ESS in a project assessing the preoperational radiation 
environment of ESS [21]. Graphitization is a process in which the carbon of the 
sample is extracted as graphite [47, 48] (the ion source at the Lund SSAMS 
facility requires graphite, but AMS systems may also be equipped with ion 
sources introducing the sample as CO2). 
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Figure 2: Comparison between mass spectrometry (MS) and accelerator mass spectrometry 
(AMS). 

Figure 3: General methodology for 14C AMS analysis of various samples, from [21] with 
modifications. 

AMS may also be used to measure 14C in aerosols (see e.g. [49-52]). Aerosol 
samples for 14C analysis need to be collected on carbon-free filters (preferably 
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quartz) using high volume aerosol samplers to obtain sufficient mass of carbon 
(preferably 100 µg of carbon is required, but some labs can perform 
measurements of samples of only a few µg of carbon). Samples of activities of 
more than ~10 times the contemporary 14C concentrations need to be diluted, or 
be measured with another technique, e.g. LSC. 

4.4.2. Example: AMS analysis of other long-lived 
beta emitters 

Refs [53-55] used AMS to measure 10Be, 26Al, 129I, 36Cl, 60Fe and 53Mn in 
proton-irradiated Pb and Bi targets, with the aim of determining cross sections. 
Chemical separation procedures for Pb included dissolution of the target in acid 
and adding of carriers, followed by various extraction techniques (e.g. 
precipitation, distillation and using ion exchangers) to extract the long-lived 
radioisotopes (lanthanides were also extracted from the samples, see section 
4.5.2) [53, 54]. Ref [56] described AMS measurements of 36Cl and 129I in 
proton-irradiated targets of Ta. 

A previously mentioned, AMS analysis of environmental samples (and all types 
of samples) requires sample preparation that is element specific (and sometimes 
dependent on the ion source used). A review of sample preparation techniques 
for the most common AMS radionuclides can be found e.g. in [28]. 

4.5. Alpha spectrometry 
As described above, alpha emitters can be quantified using LSC, or by using for 
example gas ionization detectors, ionisation chambers or proportional counters 
[15, 20]. However, alpha spectrometry is most commonly performed using an 
external detector, preferably a silicon semiconductor detector, where alphas are 
completely stopped in Si layers of 100 µm thickness [15]. Passivated ion-
implanted planar silicon (PIPS) detectors are most frequently used for alpha 
spectrometry, since this detector type gives high energy resolution, is robust 
(entrance window can be cleaned) while still only having a small leakage current 
[15]. To avoid losses of alphas due to stopping in air, the sample and detector 
are often placed in vacuum (a drawback of using vacuum is that volatile 
elements may evaporate, and fractions may be deposited on the surface of the 
detector). One common problem in alpha spectrometry is recoil nuclei 
sputtering, meaning that the recoil energy of the daughter nuclide is enough to 
leave the source and end up on the walls of the vacuum chamber and also 
contaminating the detector. This may be particularly cumbersome if the 
daughter nuclide is also an alpha emitter. Various techniques may be applied to 
avid contamination, e.g. covering the detector with a thin film or applying a 
voltage between source and detector [57].  Energy and range straggling give rise 
to broadened (and possibly over-lapped) energy peaks of the initially 
monoenergetic alphas. In high-resolution alpha spectrometry the energy 
resolution has fully been fully optimized, e.g. using high vacuum, an ultra-thin 
detector entrance window, a small detector volume and large distance between 
source and detector (to have a small solid angle of measurement to reduce 
straggling, which however reduces the absolute efficiency significantly) [15]. 
High-resolution alpha spectrometry can result in an energy resolution of less 
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than 10 keV (the full energy of alphas is normally a few MeV), which is 
considerably less than for standard alpha spectrometry (typical energy resolution 
30-80 keV) [15]. However, high-resolution alpha spectrometry still has a poor 
energy resolution compared to high-resolution gamma spectrometry. 

Sample preparation is usually performed prior to alpha spectrometry. In fact, in 
high-resolution alpha spectrometry of high quality, the sample preparation is a 
key parameter. Due to the large stopping power of alpha particles in matter 
(interactions with electrons in the stopping medium) – and thus very short range 
–  thin samples are required. Radiochemical purification to minimize 
interference from other radionuclides is usually also necessary [14, 15]. Ideally, 
the alpha emitters of interest should be homogenously deposited in a single 
atomic layer, which, however, is difficult to accomplish. Inhomogeneity of the 
sample will contribute to broadening of the peaks in the alpha spectrum, and 
may lead to overlapping peaks and difficulties to resolve various alpha-emitting 
isotopes or nuclides [14].  

Sample preparation generally involves a preliminary treatment followed by 
chemical separation and sample mounting. The preliminary treatment depends 
on the sample type (e.g. soil, sediment, water) and the radionuclide. It may 
involve drying and homogenization, sieving or digestion of solid samples. The 
analyte may also be preconcentrated, which is particularly useful for water 
samples. A summary of the pretreatment methods can e.g. be found in [15], 
chapter 6, section V.A, or in [14], chapter 5.3.4. The radiochemical separation is 
also highly dependent on sample type and radionuclide, see e.g. [15], chapter 6, 
section V.B, or [14], chapter 5.3. A variety of different procedures may be used, 
including ion-exchange chromatography, liquid-liquid extraction and 
precipitation.  

Sample mounting, i.e. production of a thin source (sample) of the 
element/elements of interest, is mainly done either by evaporation, 
electrodeposition or coprecipitation with a microcrystalline precipitate [15]. In 
the evaporation technique, the radiochemically separated sample, in liquid form, 
is deposited onto a disc of stainless steel or platinum, and the sample liquid is 
removed by evaporation. The recovery is usually high, but issues may arise with 
the homogeneity of the deposit and its adhesion to the disc [15]. 
Electrodeposition may be used with high yields (90-99%) for metallic 
radionuclides such as Cm, Am, Pu, Np, U, Th, Pb and Po [15]. Some elements 
autodeposit spontaneously on the surfaces of metals such as Ag and Cu in acid 
solutions [15]. Polonium is such an element. In the co-precipitation method the 
element of interest is precipitated together with some other element [15].  

A disadvantage with alpha spectrometry is the long analysis time, including 
sample preparation and counting time of several days [20]. Hence, the analytical 
capacity of alpha spectrometry is usually low, and the technique is not suitable 
for emergency measurements.  

4.5.1. Example: Alpha spectrometry of aerosols 
Alpha spectrometry of aerosol samples on filters may be performed using Si 
semiconductor detectors after radiochemical separation and production of thin 
targets, or using gas ionization detectors or LSC (e.g. [22, 58]). Pöllanen et al 
[59] have developed a method in which an aerosol sample is collected on a filter 
and directly analysed by high resolution alpha spectrometry in a vacuum 
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chamber, without radiochemical sample treatment, which is suitable for quick 
field measurements. According to the authors, the presence of alpha emitting 
actinides may be identified to the level of 0.1 Bq m-3. The same group has 
reported high-resolution alpha spectrometry measurements and modelling at 
ambient air pressure using collimators [60]. They claim that contamination of 1 
Bq cm-2 on any smooth and flat surface can be detected in approximately 10 s 
data acquisition time, but longer time is needed for radionuclide identification. 
Moreover, the possibility to detect beta active nuclides using the same 
measurement technique was also reported. Counts originating from alpha and 
beta particles are mainly at different energies, which make their separation 
possible. An efficiency of 0.14 was determined for an extended-area (430 cm2) 
homogeneous source emitting alpha radiation at the energy of 5–6 MeV, 
whereas for the beta emitters the efficiencies were 0.07–0.19 depending on the 
beta-particle emission energies. The use of a collimator reduces the detection 
efficiencies by a factor of up to ten [61]. The effect of collimators, as well as 
peculiarities of alpha spectra in aerosol filters are also investigated by other 
authors [62, 63]. 

4.5.2. Example: Alpha-spectrometry analysis of 
148Gd and 154Dy in lead and tantalum 

Talip et al report on the alpha spectrometry measurements of 148Gd and 154Dy in 
proton-irradiated spallation targets of Pb (proton energy from 240 to 2595 
MeV), with the primary aim to predict the radionuclide inventory in high-power 
spallation neutron facilities [57]. According to Artisyuk et al [64], the 
radiotoxicity of 146Sm, 148Gd, 150Gd and 154Dy in Pb and Pb-Bi spallation targets 
is comparable to that of the polonium produced. 148Gd is pointed out as 
especially important [64]. Long-lived beta-emitters had previously been 
extracted from the irradiated targets and measured by AMS (see above) [57]. 
The separation procedure is complex, e.g. including that the irradiated Pb 
sample was dissolved in acid, separation of lanthanides was performed using ion 
exchange resins, carbon foil was used as backing material for molecular plating 
experiments, and Au was used for vacuum coating experiments [57]. Alpha 
sources were produced from the lanthanide fractions using molecular plating, 
which refers to deposition using electrolysis in organic media (with constant 
current or voltage) [57]. Alpha spectrometry was performed using an alpha 
spectrometer equipped with a PIPS detector. The sample was coated with a thin 
layer of gold to prevent contamination of recoil nuclei. Total yields of the 
chemical separation and deposition was about 70% [57]. Alpha measurements 
had a full width at half maximum (FWHM) of 26 keV for 148Gd (full alpha 
energy 3.18 MeV) and 38 keV for 154Dy (full alpha energy 2.87 MeV). 
Experimental cross sections for 148Gd agreed satisfactory with theoretical 
predictions calculated using INCL++-ABLA07 code [57]. For 154Dy the 
experimentally obtained cross sections were higher than predicted [57]. Talip et 
al states in the paper that the developed technique will be used for W, which will 
be the ESS target material [57]. 

In another paper by Talip et al [56], the alpha emitters 154Dy, 148Gd, 150Gd and 
146Sm were extracted from irradiated spallation targets of tantalum (Ta) and 
measured by alpha spectrometry. According to Kelley et al [65], Ta may be used 
to estimate the radionuclide production in W. Thin samples of proton-irradiated 
Ta targets were first dissolved in acids (HNO3 and HF) and then subjected to 
extraction of long-lived beta-emitters (36Cl and 129I) using distillation for 
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subsequent measurements with AMS (see above) [56]. The radiochemistry to 
extract the alpha emitters included precipitation, the use of two types of ion 
exchange resins followed by molecular plating, gold coating and alpha 
spectrometry [56]. Total yields of the chemical separation and deposition was 
between 67 and 97% for 148Gd [66]. The experimental cross section agreed well 
with theoretical predictions for 148Gd [66]. For 154Dy, the theoretical cross 
sections were underestimated by a factor of 3 compared to the measurements 
[66]. 146Sm and 150Gd were not detected in any sample [66]. Hammer et al have 
analysed 148Gd, 173Lu and 146Pm in an irradiated Pb-Bi spallation target by alpha 
and gamma spectrometry [66]. 

4.5.3. Example: Alpha spectrometry in 
environmental samples 

Alpha spectrometry is commonly used to analyse natural and anthropogenic 
radioactivity in the environment. Alpha spectrometry and mass spectrometry are 
very complementary analytical methods: the radionuclides interfering with each 
other with one method usually do not with the other. In both cases, chemical 
separation is required before analysis. When analysing environmental samples, 
the chemical pre-treatments are necessary to extract the radionuclides from the 
matrix, to pre-concentrate and to obtain pure fraction of each element. Alpha 
sources from environmental samples are most commonly prepared by 
electrodeposition or micro-precipitation [67]. 

Desideri et al [68] analysed the content of natural radionuclides in seaweed 
products for human consumption. The authors used alpha spectrometry to assess 
the activity concentration of 238U, 234U, 230Th, 210Po, 232Th, and 228Th in those 
foodstuffs. Anthropogenic radionuclides can also be measured by alpha 
spectrometry: e.g. Szufa et al [69] analysed plutonium isotopic ratios in various 
environment samples (e.g. soil, plants, animals) from the Antarctic. 

4.6. Activation analysis 
Activation analysis is a sensitive method that may be successfully used for 
quantification of long-lived radionuclides [70, 71]. Activation can be 
accomplished by neutrons (neutron activation analysis, NAA), photons and 
protons, and results in transformation of the long-lived radionuclide into a 
gamma-emitter with a considerably shorter half-life. Neutrons as probe is most 
common. Examples of radionuclides used in activation analysis include 99Tc, 
126Sn, 129I, 135Cs, 226Ra, 230,232Th, 235,238U, 237Np, 231Pa and 242Pu [71]. In NAA, 
the source of neutrons is most commonly a nuclear reactor, but neutron 
generators or accelerators may also be used. For environmental samples, pre-
separation and pre-concentration are usually required prior to irradiation [71]. 
Post-irradiation separation may also be required prior to gamma measurement 
[71]. 

18 



 

 

 
    

  

  
 

 

 
 

  
 

  
 

   

 

 

  
  

   

 
  
 

  
  

 
  

 
    

   
 

4.7. Detection techniques for 
selected ESS radionuclides 

During normal operation, important ESS radionuclides related to the dosimetry 
of workers are believed to be pure beta emitters such as 32P, 33P, 35S, 14C and 3H, 
and gamma emitters such as 39Cl, 29Al and 7Be [6, 72]. For the general public, 
the annual effective dose from airborne releases is believed to be dominated by 
small contributions of 13N, 11C, 15O, 41Ar, 125I, 3H, 39Cl and 38Cl [6]. All but 3H 
and 125I have half-lives of less than 1 hour and will be very difficult to measure 
in environmental samples. Other radionuclides that are believed to contribute to 
a minor extent to the dose to the general public are 32P, 7Be, 185W, 172Hf, 60Co, 
54Mn and 58Co [6]. Short-term releases of activated tungsten and stainless steel 
dust resulting from dismantling in hot cells is believed to become about 10% of 
the total effective dose resulting from the continuous stack releases [6]. The 
aerosol 7Be is easily measured with gamma spectrometry, and so is 60Co. 54Mn 
also releases gamma radiation. 

As mentioned above, gamma spectrometry is the workhorse in environmental 
radiology, and usually has the advantage that no chemical separation techniques 
are required, and that the activity of many gamma emitters in the sample can be 
determined simultaneously. A gamma-emitting isotope may be used to estimate 
the activity levels of some difficult-to-measure radionuclides, if production cross 
sections are well known. However, this opportunity does not exist for all 
elements (e.g. hydrogen, carbon). In this section we have on focussed nuclide-
specific environmental measurement techniques for pure alpha and beta emitters 
of relevance for ESS. In section 2 (review of radionuclides) we used a selection 
criterion of radionuclides of half-lives longer than 10 hours. However, in case of 
pure alpha and pure beta emitters, we have chosen a more conservative half-life 
limit of 3 days since these require more sample preparation, often including 
radiochemical extraction, than gamma emitters. The choice of 3 days stems from 
an estimated time required for sampling, sample preparation (including 
radiochemical extraction) and measurement to be one month (30 days), and that 
samples generally need to be measured within 10 half-lives. We have also 
included comments on measurement techniques of importance for the 
radionuclides with the highest dose contributions in an accident scenario 
according to Ref [7].  

4.7.1. Lanthanides 
The pure alpha emitters of highest activity according the FLUKA calculations 
are all lanthanides and are shown in Table 1. Of these, 148Gd is the radionuclide 
of highest importance for environmental measurements due to its importance in 
an accident scenario [7]. The radionuclides in Table 1 are not an issue in the 
operation of nuclear power plants, hence any methods for their quantification in 
environmental matrices could not be found in the literature. However, as already 
discussed in section 4.5.2, some studies have been undertaken on how to extract 
and quantify these alpha emitters in spallation targets using alpha spectrometry 
[56, 57, 66]. As described above, the preparation methods before analysis of a 
sample by alpha spectrometry usually consist of three steps: an extraction of the 
radionuclides from their matrix, a purification of the sample to avoid 
interferences and finally the preparation of an alpha emitter source (thin layer). 
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Depending on the nature of the matrix and of the radionuclide each step can be 
challenging. To our knowledge, there is currently no example of analysis of 
environmental sample containing radioactive lanthanides in the literature. 
However, a few articles describe the extraction and analysis of irradiated target 
materials [56, 57, 66].  

Regarding extraction, solid matrixes such as irradiated target materials can 
simply be dissolved in acid solution. More complex environmental matrixes 
(e.g. soil, sediments, biological samples) would require more preparation using, 
for example, acid leaching, ashing or sample fusion procedures. 

The second step of the preparation method is usually a chemical separation of 
the extracted solution in order to obtain different fractions containing the 
radionuclides of interest. These fractions should be purified of the other 
chemical species that could interfere during the measurement by alpha 
spectrometry. Talip et al [57] developed a separation procedure consisting of 7 
steps to recover a pure lanthanide fraction, plus a final separation on 
chromatographic resin to separate 154Dy from 148,150Gd. Hammer et al [66] also 
achieved the separation of 148Gd, 173Lu, and 146Pm in about 9 steps in order to 
measure 148Gd by alpha spectrometry. 

The last step of the analytical procedure is the production of sources for alpha 
spectrometry. The choice of the most suitable method depends mainly of the 
activity of the sample. Active samples can be analysed by the direct evaporation 
of the sample solution on a metal or ceramic surface. In order to obtain higher 
resolution, it is possible to use other methods such as electrodeposition (also 
called electroplating) or micro-precipitation. Talip et al [57] and Hammer et al 
[66] used electrodeposition to prepare their purified radioactive lanthanide 
sources. Electrodeposition and micro-precipitation would also be the methods 
recommended for low activity environmental samples. 

Table 1: Alpha emitters of relevance for ESS and suggested measurement techniques for 
lanthanides based on literature. 

Nuclide Ealpha 

(MeV) 
T1/2 Technique Refs Comments 

148Gd* 3.183 75 years Alpha [56, 57, 65, Not environmental 
spectrometry 66, 73] samples 

150Gd 2.726 1.79∙108 years Alpha [56] Not environmental 
spectrometry samples, not 

detected. 

154Dy 2.870 3.6∙106 years Alpha 
spectrometry 

[56, 57] Not environmental 
samples 

146Sm 2.460 6.8∙107 years Alpha [56] Not environmental 
spectrometry samples, not 

detected. 

* Highly relevant at an accident scenario [7]. 
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Figure 4: Illustration of principle for expected alpha spectrum of ESS lanthanides using thin 
targets. 

Figure 4 shows a hypothetical spectrum of the pure alpha emitters of highest 
activity according to the FLUKA simulations (see Table 1). The graph aims to 
serve as an illustration of principle (the shape of the curves is not realistic and 
lacks the low-energy tale of alpha spectra). FWHM values for the different 
peaks have been chosen according to measurements using high-resolution alpha 
spectrometry of thin targets in Ref [57]. As seen in the figure, the activity of 
148Gd is expected to be several orders of magnitude higher than the other 
lanthanides. Thus, it may be very difficult to observe 146Sm, 150Gd and 154Dy by 
alpha spectrometry. Removal of Gd by chemical separation could possibly allow 
for detection of 146Sm and 154Dy. For aerosol samples we suggest to investigate 
the possibility of direct alpha spectrometry of 148Gd in filters without 
pretreatment, similar to Ref [74]. 

ICP-MS is a possible alternative technique for the analysis of these radioactive 
lanthanide isotopes. Stable lanthanides are commonly analysed using ICP-MS 
(see section 4.3.2). In environmental samples such as soil or water, the presence 
of stable lanthanides may create isobaric interferences. For example, stable 
148Nd and 148Sm could interfere with the measurement of 148Gd and in a same 
way 150Nd and 150Sm with 150Gd. The chemical separation of Gd from the rest of 
the lanthanides present in the matrix may be challenging. 

For rapid determination of pure alpha emitters, indirect methods may need to be 
considered, using e.g. gamma spectrometry. Gamma radiation from 146Gd may 
possibly be used to estimate the 148Gd content, as suggested in [7]. An 
alternative would be to investigate the possibility to measure gamma from 153Gd, 
which has a half-life of 240 days (opposed to 146Gd which has a shorter half-life 
of 48.2 days).  
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4.7.2. Other alpha emitters 
Table 2 shows some alpha emitters relevant to accelerator components of ESS 
according to Bungau et al [3]. These may not be of relevance for releases to the 
environment, however. 

Table 2: Alpha emitters accompanied by gamma radiation of relevance for ESS and suggested 
measurement techniques based on literature. 

Nuclide Main 
Ealpha 

(MeV) 

T1/2 Technique Refs Sample 
types 

Comments 

228Th 

241Am 

5.423 
(73.4%) 

5.486 
(84.8%) 

1.92 years 

432 years 

Alpha spectrometry, 

Gamma 
spectrometry, 

ICP-MS 

Alpha spectrometry, 
Gamma 
spectrometry, ICP-
MS, TIMS 

[36, 68, 
75, 76] 

[30, 36, 
78-82] 

Soil, 
sediments, 
plants 

Soil, water, 
biological 
samples, 
plants 

Actinides are 
found in one 
publication only 
[77], their 
production in 
ESS should be 
investigated 
more. 

243Am 5.275 
(86.7%) 

7370 years ICP-MS, Gamma 
spectrometry, 

(Alpha 
spectrometry) 

[78, 79, 
81, 83] 

Soil, 
biological 
samples. As 
a tracer for 
alpha 
spectrometry. 
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4.7.3. Beta emitters 
Table 3 shows some beta emitters of relevance to ESS with well-established 
methods of separation and quantification according to literature. LSC is suitable 
for the quantification of several of these beta emitters. 

Table 3: Beta emitters of relevance for ESS and suggested measurement techniques based on 
literature. 

Nuclide Mean 
Ebeta 

(keV) 

T1/2 Technique Selection 
of refs 

Example of 
sample 
types 

Comments 

3H 5.68 12.32 
years 

LSC (AMS, 
3He MS) 

[15, 21, 26, 
84-86] 

Water, air, 
vegetation, 
milk 

Sample 
preparation, 
see sections 
4.3, 5.3, 5.6 

10Be 203 1.39∙106 

years 
AMS [28, 87, 88] Water, 

aerosol 
14C 49.5 5730 

years 
AMS, LSC [15, 21, 26, 

28] 
Vegetation, 
air, water, 
milk, aerosols 

Sample 
preparation 
AMS, see 
section 4.4 

24Na 835 15 hours Too short lived 
for 
environmental 
measurements 

32P 695 14.28 
days 

LSC [89] Water, 
plankton, 
sediments 

33P 76 25.3 days LSC [89] Water, 
plankton, 
sediments 

35S 49 87.3 days LSC [90-92] Aerosols, 
water 

36Cl 251 3∙105 

years 
LSC, AMS [20, 26, 28, 

93, 94] 
Water, soil 

45Ca 77 162.7 
days 

LSC [95] Vegetation, 
soil 

63Ni 17 100 years LSC, gas flow 
GM counters, 
beta-

[20, 26, 96-
99] 

Water, 
vegetation 

spectrometry 
with 
semiconductor 
detectors, 
AMS 

89Sr 587 50.57 
days 

LSC 
(Cherenkov 
counting), gas 
flow GM 

[20, 100, 
101] 

Soil, 
sediments, 
vegetation, 
water 

counters 
90Sr 196 28.9 

years 
LSC 
(Cherenkov 
counting), 
gas flow GM 
counters, MS 
techniques, 
AMS 

[20, 30, 33, 
101-103] 

Soil, 
sediments, 
vegetation, 
milk, water 

90Y 934 2.7 days LSC 
(Cherenkov 
counting) 

[101, 102] Soil, 
sediments, 
vegetation, 
water 

99Tc 85 2.1∙105 

years 
LSC, 
RIMS, ICP-MS 

[20, 30, 
104, 105] 

Seaweed, 
soil, 
vegetation, 
water 

106Ru 10 374 days LSC, Gamma [23, 106] Aerosols, soil, 
vegetation 

Gamma via 
daughter 106Rh 

129I 40 1.6∙107 

years 
AMS, LSC, 
NAA, ICP-MS 

[30, 107-
112] 

Water, soil, 
vegetation, 
milk, aerosol 
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Radionuclides from Table 3 with a half-life longer than a few days of particular 
interest for ESS environmental measurements related to routine releases include 
3H, 32P, 33P and 35S [6]. During the current project and during a previous one 
[21] we have established methods for 3H using LSC in various environmental 
matrices (and in urine). To include the capability to measure environmental 
phosphor radioisotopes 32P and 33P, sample preparation would need to be 
developed similar to the methods reported in Chen et al [89], which are based on 
methods by Waser et al [113] and Benitez-Nelson and Buesseler [114]. For 35S, 
extraction methods similar to those in Hong et al [92] would need to be 
implemented. (32P and 35S may be measured by LSC in urine samples, see e.g. 
[115]). 

Table 4 lists beta emitters that may be more difficult to assess than those in 
Table 3. For AMS, for example, different instruments and special setups are 
often required for each radionuclide [28]. The number of laboratories in the 
world capable of performing AMS analyses of the radionuclides in Table 4 are 
very limited and are probably not performed on routine basis. 

Analysis of the tungsten isotopes is of utmost importance for waste 
characterization of the irradiated tungsten target. As can be seen in Table 4, 
there are no developed methods to assess the activities of two tungsten isotopes 
(185W and 188W), which will be present in the target in high quantities. We 
believe that some indirect methods (e.g. use of isotope ratios) might be used for 
assessment, but their validity should be investigated and justified. 
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Table 4: Other beta emitters of relevance for ESS and suggested measurement techniques 
based on literature. 

Nuclide Mean 
Ebeta 

T1/2 Techniques Selection 
of refs 

Comments 

(keV) 

39Ar 219 268 Noble gas mass [116, 117] 
years spectrometry, AMS 

31Si 596 157 * 
min 

32Si 70 153 AMS [28, 118] 
years 

60Fe 50 2.6∙106 AMS [28, 119, 
years 120] 

67Cu 121 62 * 
hours 

77As 229 38 * 
hours 

79Se 53 3.3∙105 ICP-MS, LSC [121, 122] 
years 

85Kr 252 11 RIMS, LSC, [33, 123-
years proportional 125] 

counters 
91Y 604 58.5 LSC [126, 127] 

days 
93Zr 19 1.5∙106 LSC, MS, AMS  [128-130] No environmental studies 

years 
107Pd 9.3 6.5∙106 ICP-MS, AMS [28, 131, No environmental studies 

years 132] 
115mCd 617 44.6 Gamma No environmental studies, 

days spectrometry used as tracer 

115Cd 1110 53.5 * 
hours 

121Sn 116 27 * 
hours 

147Pm 62 2.6 LSC, NAA [133, 134] 
years 

149Pm 369 53 * 
hours 

151Sm 20 89 LSC [134, 135] 
years 

161Tb 157 6.9 LSC [136] 
days 

169Er 101 9.4 Gamma [137] No environmental studies. 
days spectrometry Gamma intensity is very low. 

170Tm 323 129 Gamma [138, 139] No environmental studies. 
days spectrometry? 

X-ray 
spectrometry? 

171Tm 25 1.9 Gamma No environmental studies. 
years spectrometry? 

172Tm 668 63.6 * 
hours 

185W 127 75.1 LSC? [140] Ref [140] gamma 
days Mass spectrometry in tracer studies 

spectrometric 
techniques? 

Gamma 
spectrometry? 

188W 100 69.8 LSC? 
days Mass 

spectrometric 
techniques? 

188Re 795 17 * 
hours 

*Due to short half-life practically impossible to measure in the environment 
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4.7.4. Emergency radionuclides 
In an SSM report regarding the classification of emergency preparedness 
planning for ESS [7], the most important radionuclides at an accident scenario 
are identified (Tables 2 and 3 in [7]). Table 5 below lists the radionuclides that – 
at the worst case scenario – will mainly contribute to the effective dose from 
ground deposition for time intervals during the first year after the accidental 
release [7]. As stated in [7], gamma-emitting radionuclides are believed to 
mainly contribute to the effective dose from ground deposition. Dose rate 
measurements and gamma spectrometry of specific radionuclides may thus be 
used to determine the activity levels of gamma emitters. SSM proposes to use 
the gamma emitter 146Gd or its daughter 146Eu to estimate the activity 
concentration of the alpha emitter 148Gd field measurements. 

Table 5: Radionuclides that – at the worst case scenario in ref [7] – will mainly contribute to the 
effective dose from ground deposition for time intervals during the first year after the accidental 
release and suggested measurement methods. 

Nuclide T1/2 Decay
mode 

148Gd 71.1 y Pure 
alpha, 

3.183 MeV 

187W 24 Beta, 
hours gamma 

172Hf 1.87 EC, 
years gamma 

182Ta 111.7 Beta, 
days gamma 

178mHf 31 IT 
years 

181W 121.2 EC 
days 

175Hf 70 days EC 
173Lu 1.37 EC 

years 

Daughter decay 

None (144Sm) 

187Re, 

pure beta, 
T1/2=4∙1010 y. 

Granddaughter 
stable (187Os). 
172Lu, beta+, 
gamma, 
T1/2=6.7 d. 

Granddaughter 
stable (172Yb). 

None (182W) 

None (178Hf) 

None (181W) 

None (175Lu) 

None (173Y) 

Technique 

Gamma spectrometry 
of other Gd isotope or 
their daughers. 

Alpha spectrometry. 

ICP-MS? 

Gamma spectrometry 

Gamma spectrometry

 Gamma spectrometry 

Gamma spectrometry

 Gamma spectrometry

 Gamma spectrometry 

 Gamma spectrometry 

Alpha 
spectrometry 
needs to be 
developed. 

Gd isotope 
ratios need to be 
verified. 

4.8. Summary and conclusions 
The review of the existing analytical techniques developed in this section allow 
us to sort the radionuclides produced by the ESS into different categories 
depending on the difficulty to perform the analysis. 

Firstly, some of the radionuclides can be considered as easy to analyse. They do 
not require specific sample preparation before measurement, have well defined 
reference method of analysis and/or are analysed using widespread techniques. 
Gamma emitters belong to this category: the samples containing them can be 
analysed directly in situ or in a laboratory with no or very little sample 
preparation. LSC measurements of 3H is well established for all type of 
environmental matrices. LSC and AMS are the techniques of reference for 14C 
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in environmental samples. Alpha emitting actinides also fit this group of 
radionuclides. They have been widely analysed by alpha spectroscopy due to 
their importance in the nuclear fuel cycle. Of course, the list of radionuclides 
belonging to this group can be extended depending on the analytical capabilities 
of each laboratory. 

A second category includes radionuclides that are less often routinely analysed 
or that are not found in environmental samples. 148Gd and the associated alpha 
emitting lanthanides belong to this group. Even though some articles describe 
their analysis by alpha spectrometry, there is no method published for their 
analysis in the environment. It is important to fill this knowledge back in 
particular for the radionuclides that will be produced in larger amount and/or are 
part of the emergency list. This task seems achievable by developing specific 
methods for their analysis in environmental matrices. 

Finally, some of the radionuclides of the lists presented in the section 4 seems 
very difficult to analyse in the environment. It may not be possible to apply 
complex and time-consuming analytical procedures (including sampling, 
extraction and analysis) on the radionuclides with short half-lives before they 
decay. Moreover, some radionuclides are only described in a couple of research 
articles. There were never analysed in the environment and the techniques 
described for their characterisation may not be available in most laboratories. In 
this last case, the knowledge gap to fill is even bigger that for the other 
radionuclides due to the lack of available data. 
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5. Baseline measurements 
This chapter begins with a summary of previous baseline measurements around 
ESS, presented in the report “Assessment of “Zero Point” radiation around the 
ESS facility” [21]. These measurements did not include aerosol samples, hence 
the current project has initiated measurements of aerosols collected at the 
ICOS/ACTRIS rural background site Hyltemossa. The third section of this 
chapter presents long-term environmental baseline measurements of tritium in 
the Lund area, including tritium measurements of precipitation, air humidity 
and pond water. In section 5.4 some measurements on current levels of tritium 
in HTO in an accelerator facility at the Physics Department are presented. 
Section 5.5 contains a short investigation of possible leakage of tritium from 
watches containing tritiated paint. Section 5.6 summarizes the results of a 
baseline study of the tritium content in urine of 55 subjects living or working in 
Lund. 

5.1. Previous background 
measurements, a summary 

A baseline study of environmental radioactivity and radiation levels around ESS 
was performed during 2017-2018 in a collaboration project between Lund 
University (Medical Radiation Physics, Malmö, and the Division of Nuclear 
Physics) and ESS [21]. More than 40 sampling sites were selected within a few 
km of the ESS site, covering all wind directions. Sites that were expected to 
remain the same for an extensive period such as private gardens and parks was 
chosen carefully. The radionuclides assessed represented natural as well as 
anthropogenic radionuclides. Special focus was dedicated to gamma-emitting 
radionuclides, as well as the pure beta emitters 3H and 14C, which both are 
commonly used as tracers in research and industry, also in the Lund area. The 
measurements included: ambient equivalent dose rate measurements; in situ 
gamma spectrometry (of 7Be, 137Cs, 40K, 226Ra (238U daughter) and 228Ac (232Th 
daughter)); gamma spectrometry of sewage sludge, bioindicators, grass, crops 
and forage, milk and soil profiles (of 137Cs, 40K, 226Ra, 228Ac and 131I); LSC 
measurements of 3H in ground- and surface water, sewage sludge, bioindicators, 
crops and milk; AMS measurements of 14C in annual tree rings, grass, 
bioindicators, milk and in fullerene soot monitors (indicating air-borne 14C). 

The in situ gamma spectrometry measurements showed only minor variation 
between sites, with the exception of 137Cs. The average equivalent surface 
activity of 249 Bq m-2 for 7Be and 121 Bq m-2 for 137Cs, and observed average 
activity concentrations (assuming a homogenous distribution in ground)  were 
407 Bq kg-1 for 40K, 42 Bq kg-1 for 226Ra and 21 Bq kg-1 for 228Ac. The average 
ambient equivalent dose rate (𝐻ሶ ∗ሺ10ሻ) at 1 m above ground was 85 ± 17 
nSv h-1. The activity concentrations of naturally occurring gamma emitters in the 
ground displayed only minor geographic variations (average activity 
concentration in 20 cm deep soil cores were: 75 ± 14 Bq kg-1 for 226Ra, 35 ± 2 
Bq kg-1 for 228Ac and 694 ± 104 Bq kg-1 for 40K). 137Cs in soil varied, as 
expected, with depth as well as in total activity concentration. No unexpected 
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gamma emitters were found in any sample matrix (however, most of the sewage 
sludge showed 131I, which is used medically). All samples were dried, 
homogenized and measured for at least 24 h in a lead shielded HPGe detector. 

The 3H activity concentration of all ground water and surface water samples 
analysed (> 40 samples) was below the Minimum Detectable Activity 
concentration (MDA) of the measurements (14 Bq L-1 and 29 Bq L-1 at the time 
of analysis, which has been reduced for the measurements presented in sections 
5.3-5.5). So was the activity concentration of 3H in a limited number of samples 
of bioindicators, milk and sugar beet (MDA 29 Bq L-1). The activity 
concentrations of 3H in monthly collected samples of sewage sludge (from April 
2017 to April 2018) were mainly below the MDA (varying from 2.6 Bq l-1 to 29 
Bq L-1). Only two samples displayed 3H activity concentrations above the 
concurrent MDA: 16 ± 3 Bq L-1 in June 2017 (MDA 14 Bq l-1) and 2.9 ± 0.7 Bq 
L-1 in January 2018 (MDA 2.7 Bq L-1). 

The 14C measurements showed no evidence of anthropogenic contamination in 
the Lund area during years 2012 to 2017 (data compared to rural background 
data from Germany and from Borrby in south-eastern Scania). The average F14C 
value for all organic year 2017 samples measured for 14C (N = 57) was 1.017 
(standard uncertainty of the mean, SUM, 0.001), corresponding to 228 Bq kg-1 

(using δ13C = -25 ‰). 

5.2. Aerosols 
Gamma spectrometry measurements of aerosol samples, collected at the 
ICOS/ACTRIS rural background site Hyltemossa, are presented in this section. 

5.2.1. Introduction 
An aerosol is defined as a suspension of fine solid or liquid particles in a gas. As 
in normal operation of any high-energy proton accelerator, radioactive aerosols 
are expected to be formed in the accelerator tunnel of the ESS (e.g. containing 
7Be, 10Be, 24Na, 32P ,33P, 35S) (see e.g. [5]). At the ESS linac, 32P and 35S (both 
pure beta emitters; T1/2 = 14.3 days and 87.4 days, respectively) are believed to 
become the most important aerosols from a radiological point of view, followed 
by the more short-lived gamma emitters 24Na (T1/2 = 15 h) and 28Mg (T1/2 = 20.9 
h) [141, 142]. The main fraction of aerosols (99.97%) is expected to be caught 
in HEPA filters of the ventilation system [6, 141]. Examples of estimated release 
rates from the linac tunnel – after passage through the HEPA filters – to the 
environment during 6000 hours of continuous operation are 6.33∙105 Bq y-1 for 
7Be, 2.11∙105 Bq y-1 for 24Na, 3.00∙104 Bq y-1 for 28Mg,  9.3∙104 Bq y-1 for 32P, 
3.78∙104 Bq y-1 for 33P and 1.46∙104 Bq y-1 for 35S [142]. 

Furthermore, aerosols containing alkali metals (e.g. Li), alkaline earth metals 
(e.g. Be and Sr), boron group elements (e.g. Te), transition metals (e.g. Hf, Ta 
and W), metalloids (e.g. B) and lanthanides (e.g. Gd) may be formed from the 
spallation reactions as well as from sputtering of the tungsten target during 
normal operation [2, 6, 141]. These particles will be carried by the gas in the He-
cooling loop (the circulating gas may also lead to release of particles from the 
target by ablation). The helium cooling loop is expected to have a small leakage 
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rate (of 1 g h-1 for the 23 kg of He in the helium cooling loop) [2]. The helium 
loop will also contain filters to purify the cooling gas from the W dust [6]. The 
physical and chemical forms of all aerosols are however difficult to predict 
[141]. Particulate matter may also be formed in and released from hot cells 
during cutting processes (from tungsten and stainless-steel components) [2]. As 
stated in ref [2], the experience from and knowledge about the release of 
radionuclides during irradiation of tungsten at the power levels of ESS is 
limited, and novel problems may occur. 

The source term (ST) of radionuclides released to the environment from target 
station is estimated by ESS for two cases, one pessimistic and one optimal case 
[2]. The ST from the helium loop (continuous release) is 6.32∙1011 Bq y-1 in the 
pessimistic as well as in the optimal case, and is dominated by 3H 
(6.24∙1011 Bq y-1), while metalloids contribute with 5.32∙107 Bq y-1 and 
1.6∙104 Bq y-1, in the pessimistic and optimal case, respectively [2]. The annual 
effective dose to the general public, however, is believed to be dominated by 
iodine (gas form) [2]. Short-term release of W and stainless steel dust from the 
hot cells are estimated to be 6.25∙1011 Bq y-1 (also containing 3H in dust) [2]. 
The effective dose from radioactive releases from the hot cells is estimated to 
small compared to that resulting from the leaking of the helium loop [2]. 

During an accident scenario, a wide range of aerosols e.g. from the tungsten 
target may be released to the environment, inhaled by members of the general 
public and also deposited on the ground [7]. Ref [7] have calculated a 
representative source term describing the release of radionuclides into the 
environment for an extreme case scenario, also taking into account estimated 
uncertainties of the actual radionuclide concentrations in the target. The worst-
case scenario occurs after 5 years of operation (before the target is to be 
exchanged, thus target activity concentration maximized) and at full power (5 
MW protons of 2 GeV). The scenario is initialized with a loss of the helium 
cooling of the target, leading to a series of events, starting with the release of 
helium and filter particles (containing various radionuclides). Discharge or 
radionuclides as gas or aerosols will follow resulting from oxidization and 
melting of the tungsten target, melting of the beryllium reflector, vaporization of 
the moderator water, and hydrogen gas deflagration [7]. The radionuclides 148Gd 
(pure alpha, T1/2 = 71.1 y), 187W (beta-, T1/2 = 24 h), 172Hf (EC, T1/2 = 1.87 y), 
182Ta (beta- , T1/2 =114.7 d) and 178mHf (IT, T1/2 = 31 years) are e.g. expected to 
dominate the effective dose contribution during the first 7 days: at low wind 
speeds the inhalation dose is estimated to contribute to more than 50% of the 
total effective dose [7]. Ground deposition dominates the effective dose on a 
long-term basis [7]. The particle size distribution at the extreme case scenario, 
affecting the inhalation dose coefficients as well as dispersion and deposition 
patterns, is still uncertain [7, 143]. 

Common methods for environmental radioactive aerosol analysis are described 
e.g. in Refs [15, 22, 144]. As pointed out in Ref  [144], factors such as size 
range, and physical and chemical concentrations affect the choice of sampling 
method and measurement technique. Environmental monitoring stations often 
use high-volume aerosol samplers to collect aerosols on different types of filter 
material, either batch-wise or on continuously moving filter bands [22]. Some 
systems separate the aerosols according to size using size-specific inlets 
(impactors). Nuclear analytical techniques of radioactive aerosols have 
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traditionally primarily involved gamma spectrometry, which may be laboratory-
based or in situ (see e.g. [22-25]). Beta spectrometry to identify beta emitters, 
such as 90Sr, often requires radiochemical separation procedures (e.g. [22, 58, 
145]). However, the decay product of 90Sr, 90Y, is a high-energy beta emitter 
which can be used to directly estimate 90Sr in environmental samples. LSC, also 
requiring radiochemical pre-treatment, may also be efficient in beta 
spectrometry of radioactive aerosols [22, 26]. Pure beta emitters such as 14C can 
be measured by accelerator mass spectrometry (AMS) (e.g. [50, 51, 146-150]). 
As described above in section 4.5.1, alpha spectrometry of aerosols samples on 
filters may be performed using Si semiconductor detectors after radiochemical 
separation and production of thin targets, or using gas ionization detectors or 
LSC (e.g. [22, 58]). High-resolution alpha spectrometry of aerosol filters 
without radiochemical sample treatment has also been demonstrated [59]. 

In the present SSM project, we have initialized gamma spectrometry 
measurements of aerosol samples collected at a rural reference station, 
Hyltemossa, that is used e.g. by Lund University for climate-related studies of 
green-house gases and aerosols. The type of aerosol sampler used (Digitel DHA-
80) has previously been tested with satisfactory results in extreme weather 
conditions at the Jungfraujoch High Altitude Research Station by the Swiss 
Federal Office of Public Health (natural 7Be and 210Pb easily detectable and 
detection limit of artificial 137Cs of 2 µBq m-3) [151]. In the present project, we 
compare gamma spectrometry data from aerosol filters collected during 14 
weeks at our station at Hyltemossa to data collected at SSM’s environmental 
monitoring station for gamma-emitting aerosols at Ljungbyhed (operated by the 
Swedish Defence Research Agency, FOI), located about 38 km north of the ESS 
and approximately 12 km west (260 °) of Hyltemossa.  

5.2.2. Location and methods 
The ICOS/Actris1 site Hyltemossa, a combined atmosphere and ecosystem 
station, is located a few km south of Perstorp, in northern Scania (56°06′N, 
13°25′E, 115 m asl). Aerosol samples were collected on quartz fibre filter of 
150 mm diameter (Advantec QR-100) using a high-volume aerosol sampler, 
DHA-80 (Digitel, [152]), equipped with automatic filter change. The DHA-80 
has a capacity of 15 filters and maximum flow rate 1000 L min-1, however, the 
flow meter at the time of sampling had a maximum flow rate of 600 L min-1. 
The DHA-80 sampler was situated at the roof top of one of the buildings at 
Hyltemossa (see Figure 5). Filters were mounted on filter holders using forceps 
according to the operation instructions of the DHA-80 sampler [153]. The 
sampling time for each filter was 3.5 days using a flow rate of 500-600 L min-1 

during the periods 22 March to 1 July 2019. Filters were removed from the 
DHA sampler (29 March, 25 April, 10 May and 1 August), wrapped in 
aluminium foil, labelled and placed in Ziplock bags, and transported to Medical 
Radiation Physics, Malmö. Filters were then prepared for measurement by 
gamma spectrometry according to the method proposed in Flury and Völke 
[151] with some modifications (see Figure 6). Four to five filters, corresponding 
to 2-2.5 weeks of aerosol sampling time, were pressed into a puck with a 
diameter of 40-50 mm and a height of 10 mm by using a 10-ton hydraulic press 

1 ICOS: Integrated Carbon Observation System, https://www.icos-ri.eu/ ; ACTRIS:  the 
European Research Infrastructure for the observation of Aerosol, Clouds, and Trace 
gases, https://www.actris.eu/ 
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(Hamron, Item no. 619550). The head of the hydraulic press was covered with 
aluminium foil in order to protect the filters from contamination. A pressure of 
4-6 tonnes was used for compressing the filters. The compressed filters were 
then placed in a 60 ml petri dish. The filters were finally measured by gamma 
ray spectrometry by using a liquid nitrogen cooled HPGe detector (ORTEC p-
type HPGe, model GM55-P4, SN 45-PT22044A). The counting time was one to 
two weeks. The results were corrected for the time between aerosol sampling 
and gamma ray spectrometry measurement. 

Figure 5: Left: The DHA-80 sampler on the roof of the Hyltemossa site. Right: Interior of the 
DHA-80 sampler, showing the filters mounted on filter holders. 

Figure 6: Procedure of sampling and gamma-ray spectrometry measurements of ambient 
aerosols. a). Aerosols were sampled on quartz fibre filter using a high-volume sampler. b). The 
filters were dismounted from the sampler and wrapped in aluminium foil. c). At the laboratory, 
the filters were unpacked and put into a 60 ml petri dish (d.). e-g). The filters were pressed to a 
cylindrical puck by a hydraulic press. h). The filters were finally measured by gamma-ray 
spectrometry. 

The results from the gamma spectrometry measurements were compared to data 
from the SSM/FOI station at Ljungbyhed, located about 12 km from 
Hyltemossa. The procedure for the SSM/FOI filters are described e.g. in Ref 
[23, 154]. The flow rate of the aerosol sampler at the Ljungbyhed station is 
approximately 1000 m3 h-1, i.e. significantly higher than the DHA-80 sampler 
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used at Ljungbyhed (36 m3 h-1 for the samples collected in the study). The filters 
used at Ljungbyhed are glass fibre filters of about 60 cm x 60 cm collected in 
3.5 day periods, and samples are pooled into weekly samples, which are 
measured 4-5 days after collection on shielded HPGe detectors [154]. 

5.2.3. Results and discussion 
Figure 7 shows the filters after collection of particulate matter during 3.5-day 
intervals from 22 March to 1 July 2019. As seen in the figure the sampled 
material varies with season (e.g. pollen in spring). The two dark filters in the 
period ending 8 April were collected during easterly winds, carrying polluted air 
from Eastern Europe. Previous measurements performed in southern Sweden 
have shown that air masses from eastern and southern Europe usually carry 
more particulate matter, hence can be said to be more polluted, than air masses 
from west and north [147, 155, 156]. It can further be visually seen that the 
aerosol collected on filters between 22 April and 6 May is darker in colour 
compared to neighbouring dates (190408-190422 and 190506-190520, Figure 
7). This might be due to the tradition on Walpurgis Night when bonfires are 
lightened all around the country during the evening of 30th of April leading to 
enhanced emissions of biomass burning aerosols [157]. 

190322 – 190408 190408 – 190422 

190422 – 190506 190506-190520 

190520 – 190603 190603 - 190617 

190617 – 190701 

Figure 7: Filters sampled in 3.5-day intervals from 22 March to 1 July 2019. 

The results of the gamma spectrometry measurements are shown in Table 6. 
Time between sampling and measurement was too long for several samples, 
resulting in difficulties to quantify radionuclides with relative short half-lives. 
Due to missing data we have focussed mainly on 7Be and 40K in this evaluation. 
7Be has a mean value of 4.58 mBq m-3 (standard deviation of 2.22 mBq m-3) 
which is in line with the 7Be measurements of aerosol filters from the Swedish 
Defence Research Agency measurement site in Ljungbyhed, 12 kilometers west 
of Hyltemossa (see Figure 8). 40K displays a mean activity of 76 µBq m-3 

(standard deviation of 41 µBq m-3). 
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Table 6: Results from gamma spectrometry measurements of aerosol filters collected in Hyltemossa. 
HL: half-life. Uncertainties represent 2σ. 

Activity concentration of identified radionuclides (µBq m-3) 

ID 
Sampling
interval 

V 
(m3) 

Sample
weight

(kg) 

7Be 40K 208Tl 212Pb 214Pb 212Bi 214Bi 228Ac 234mPa 

M578 
190322 – 
190329 

6087 0.003 (2.58±0.01)∙103 52 0.22∙103 0.16∙103 53 0.24∙103 65 99 <MDA 

M579 
190322 – 
190408 

12240 0.0075 (5.28±0.02)∙103 96 98 39 31 70 32 48 820 

M583 
190408 – 
190422 

10080 0.0058 (8.27±0.03)∙103 74 11∙103 33 33 <MDA 43 64 <MDA 

M584 
190422 – 
190506 

10080 0.0066 (6.83±0.19)∙103 144 11∙103 81 <MDA <MDA 67 <MDA <MDA 

M595 
190506 – 
190520 

12096 0.0062 (2.83±0.13)∙103 25 >12 HL <MDA <MDA >12 HL <MDA <MDA <MDA 

M596 
190520 – 
190603 

12096 0.0062 (1.69±0.12)∙103 103 >12 HL >12 HL 
>12 
HL 

>12 HL 
>12 
HL 

0.11∙103 <MDA 

M597 
190603 – 
190617 

12096 0.0062 (4.66±0.06)∙103 72 >12 HL >12 HL 
>12 
HL 

>12 HL 
>12 
HL 

>12 HL <MDA 

M598 
190617 – 
190701 

12096 0.0062 (4.55±0.14)∙103 18 >12 HL >12 HL 
>12 
HL 

>12 HL 
>12 
HL 

<MDA <MDA 
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190322 ‐ 190322 ‐ 190408 ‐ 190422 ‐ 190506 ‐ 190520 ‐ 190603 ‐ 190617 ‐
190329 190408 190422 190506 190520 190603 190617 190701 

Figure 8: Activity concentrations of 7Be (a) and 40K (b) from the Hyltemossa measurement 
station and the Ljungbyhed measurement station (FOI/SSM). Data from the Ljungbyhed 
measurement station has been pooled in pairs in order to perform this comparison. Error bars 
represents 2σ. No measurement uncertainty was available for the 40K measurements at 
Hyltemossa. 

34 



 

 

 
 

   
  

 
 

 

 
 

 

 

 

 

 

 

  

5.2.4. Conclusion and outlook 
A measurement campaign on radionuclides in aerosols was initiated at the 
Hyltemossa measurement station. Activity concentrations of common aerosol 
radionuclides such as 7Be and 40K were quantified and compared to the FOI 
measurement site in Ljungbyhed, 12 km west of Hyltemossa. The comparison 
showed good agreement in 7Be activity concentration, despite significantly 
lower flow rate with the DHA-80 sampler employed at Hyltemossa. Time 
between collection and measurement needs to be decreased for upcoming 
measurements at Hyltemossa. 

As a next step we propose to evaluate expected detection limits in environmental 
monitoring of the most relevant gamma-emitting ESS radionuclides using a 
DHA-80 sampler and gamma spectrometry. With knowledge of expected source 
terms [2, 141], stack dimensions, exhaust speed from the stacks (can be found in 
[142]) and meteorological data, the average expected ambient radionuclide 
concentrations at various locations can be evaluated (e.g. using the free software 
SCREEN View), and expected detection limits can be assessed. The outcome 
will reveal if the DHA-80 sampler would be suitable to be used e.g. in central 
Lund for environmental monitoring and inhalation dose assessments. 

We also propose to investigate the possibility to establish detection methods for 
direct radionuclide-specific alpha spectrometry measurements of aerosol 
samples, similar to Ref [74]. Conventional alpha spectrometry and liquid 
scintillation counting techniques require chemical pre-treatment of the samples. 
I.e. those methods are relatively slow and time consuming. The establishment of 
direct methods would be useful for emergency preparedness as well as regular 
environmental monitoring. To justify validity of the method the background 
levels of alpha emitters in the aerosol filters should be measured using the same 
measuring technique.  
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5.3. Tritium in the environment 
In this section results of a one-year study of tritium in precipitation continuously 
collected at the ESS site are presented. Results of tritium in grab samples of air 
moisture, collected once a month during one year at two sites (at ESS and in the 
northern parts of the city of Lund), are presented. In addition, the tritium levels 
have been monitored on a monthly basis in 3 ponds (one at ESS, one at MaxIV 
and one in the northern parts of Lund) during 4 months. A procedure for the 
measurements is presented as an appendix. Furthermore, data of the stable 
hydrogen isotope composition of the samples is presented (an additional 
description about the use of stable isotopes related to radioactivity 
measurements, and the use as carriers of other information about the sample, is 
presented in an appendix). 

5.3.1. Introduction 
The low-energy pure beta emitter tritium (also denoted 3H or T, 
T1/2 = 12.3 years) will be produced in ESS from proton beam-loss reactions, 
from spallation reactions in the target and from neutron activation of 2H and 
3He. According to our FLUKA calculations, the target will contain 9.8∙1014 Bq 
tritium after 5 years of operation [11]. This is similar to values reported by 
others [13, 158]. According to ESS, tritium is expected to dominate the source 
term from the ESS target station to the environment with an estimated release 
rate of ~1 TBq year-1 during normal operation [2, 6]. Releases of tritium from 
the accelerator tunnel to the environment are estimated to become in the order of 
108 Bq year-1 [6]. Tritium may also be formed in construction materials and soil 
[159]. 

Tritium is a naturally occurring radionuclide, which mainly appears in the 
environment in the form of water (and to a smaller fraction as gaseous tritium 
(HT)). Thus, tritium has a very high environmental mobility due to its 
participation in the hydrological cycle. The natural production – originating 
from nuclear reactions involving gases in the atmosphere and cosmic radiation – 
results in tritium activity concentrations of between 0.1 to 0.6 Bq L-1 of water 
[1]. The global inventory of naturally produced tritium is about 1018 Bq [160, 
161]. Tritium that has been incorporated into organic compounds is denoted 
organically bound tritium (OBT), which can be either exchangeable (when 
bound to oxygen, nitrogen or sulphur), or non-exchangeable (when covalently 
bound to carbon). The OBT fraction is of particular interest due to the longer 
biological half-life of OBT (40 days) compared to that of HTO (10 days) [161]. 
The dominant pathway of natural tritium to man is through drinking water and 
food (the latter containing HTO as well as OBT), resulting in global individual 
average annual effective dose of 0.01 μSv year-1 [161]. 

Anthropogenic tritium mainly stems from the atmospheric testing of nuclear 
weapons during the last century: ~2∙1020 Bq of tritium has been added to the 
worldwide  hydrological cycle [162]. The highest concentrations of tritium in 
rainwater was observed in 1963, containing > 400 Bq L-1 [1, 163]. The main part 
of the bomb-tritium has now (year 2019) decayed, and current levels of tritium 
in rainwater are typically single Bq or less [163]. Seasonal as well as 
geographical variations can be observed in tritium in air humidity and in 
precipitation. These are described in section 6.3 in Appendix 3 (see Fig. 6b in 
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Appendix 3). Appendix 3 also discusses the effect of isotope fractionation on 
tritium measurements and describes how measurements of isotope fraction of 
the stable hydrogen isotopes can reveal not only the history and the source of 
natural waters, but also be used for quality control in sampling and sample 
preparation related to tritium measurements. Figure 9 shows the stable isotope 
ratios (2H/1H, expressed as isotope fractionation δD, see definition in Appendix 
3) in precipitation collected at two German monitoring stations in the 
programme Global Network of Isotopes in Precipitation (GNIP) [163]. The 
variation in 2H/1H ratio mainly depends on temperature, hence the seasonal 
variations [164]. Variations between sites depend on several factors such as 
elevation, latitude and amount of precipitation (see also Figure 2 in Appendix 3) 
[164]. 
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Figure 9: Stable isotope fractionation in precipitation at two German stations participating in the 
monitoring programme Global Network of Isotopes in Precipitation (GNIP) [163]. 

The nuclear power industry produces substantial amounts of tritium, of which 
parts are released continuously to the environment during operation. The amount 
produced and released varies significantly between different reactor types: 
heavy-water moderated reactors are known to release approximately 10 times 
more tritium than light-water reactors [165]. A typical release rate of tritium 
from a heavy water reactor of 1 GWel is 7.4∙1014 Bq year-1 as gaseous effluents 
and 1.8∙1014 Bq year-1 as liquid discharges [165]. Fuel reprocessing plants 
release about 1016 Bq year-1 [166]. An example of the amount of excess tritium 
that can be found in the environment of nuclear facilities is given in Ref [167]: 
95% of the tritium in the lower Phone River (up to 10 Bq L-1) is of nuclear-
facility origin. 

Tritium is also produced in significant amounts - in some countries - in 
industrial reactors for military as well as civilian purposes (e.g. to be used as 
tracer in radiolabelled substances or as ingredient is luminous paint or gas). 
Tritium is used at some nuclear physics research laboratories in neutron 
generators and fusion-based test reactors use tritium as part of the fuel. Despite 
the fact that the amount of tritium released to the environment from commercial 
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and research applications is small compared to the total global inventory, 
significant excess of tritium may arise in the local environment and biota [161, 
168].   

Contamination of the local environment by tritium has also occurred after 
nuclear accidents and incidents [161]. E.g., releases in the order of 1016 Bq of 
tritium have been reported from the US [161]. Environmental contamination 
with tritium was substantial after the Chernobyl accident in 1986 as well as the 
Fukushima accident in 2011 [169]. As an example, the tritium concentration was 
over 100 times higher than background in water from a plant collected 20 km 
from the Fukushima site one month after the accident [169]. Figure 10 shows 
tritium activity concentrations in precipitation from three European stations 
participating in the GNIP monitoring programme [163]. The Swiss station Bern 
is clearly influenced either by local releases of tritium, or the samples have been 
contaminated during collection. No recent Swedish (or Danish) data is available 
in the GNIP database. 
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Figure 10: Tritium activity concentration in precipitation at three station participating in the 
monitoring programme Global Network of Isotopes in Precipitation (GNIP) [163]. 

Environmental levels of tritium in Swedish drinking water and sea water are 
monitored by SSM [170, 171]. Six waterworks are monitored since 2001 [170], 
none however in southernmost Sweden (the closest waterwork is Alelycka/Göta 
Älv, located about 220 km from ESS). Activity concentrations are often below 
the detection limits of a few Bq L-1. At six other stations SSM monitors surface 
sea water since 2011, as part of the national programme for environmental 
control at the nuclear power plants [171]. The sea water station closest to ESS is 
located 8.2 km outside Ringhals nuclear power plant, 170 km from ESS. Most 
values are below the detection limit (generally a few Bq L-1) [171]. 

The city of Lund hosts several activities using tritium-labelled compounds and 
tritium-containing materials, as well as accelerators handling tritium targets and 
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which may produce tritium from varying activation reactions. Therefore, we 
have performed several investigations to monitor the current situation of tritium 
in Lund: the matrices investigated include air humidity, precipitation, pond 
water, indoor air at one accelerator facility and urine from the general public as 
well as from persons who may be occupationally exposed to tritium. In this 
process, we have developed our competence in tritium measurements using 
LSC, we have continuously lowered our detection limit using our existing LSC 
counter, and we have established protocols for distillation of water samples and 
purification of urine. 

5.3.2. Environmental tritium measurements in the 
Lund area 

Locations and methods 

Four sites were used (see Table 7, Figure 11 and Figure 12): 

 Site T0, located ~13.8 km from ESS (~193°): Water from the deep well 
Grevie PV5 (depth 71-72 m), operated by VA Syd, serve as background 
water. A previous studies by Åkesson et al has demonstrated that the 
tritium concentration of this well is about 0.02 TU, corresponding to 
0.002 Bq L-1 [172]. 

 Site T1, located ~4.3 km from ESS (~246°): This site in the north of 
Lund serves as a rural background site. Air humidity was collected at 
T1a (Timjanvägen 5) and pond water at T1b (Monument park). Public 
tap water was also collected at this site. 

 Site T2, located inside the fenced ESS area: At site T2a, located ~ 0.29 
km from the ESS target (342°) precipitation and air humidity were 
collected. At T2b, located ~ 0.25 km from the ESS target (329°), pond 
water was collected (ESS pond 4). 

 Site T3, located at MaxIV, ~ 0.86 km from the ESS target (223°): At 
this site pond water was collected. 

Table 7: List of sites for sampling of environmental samples (precipitation, air humidity and 
pond water) for tritium measurements. 

Site Description GPS 
coordinates 

Deep
well 

Precipitation Air 
humidity 

Pond 
water 

T0 Grevie PV5 well N55.6131 x 
E13.1970 

T1a Timjanvägen 5, Lund N55.71861 x2 

E13.18278 

T1b Monument park, pond N55.7182 x1 x3 

E13.1851

T2a ESS N55.7366 x2 

E13.2455 

T2b ESS, pond 4 N55.7359 x3 

E13.2446 

T3 MaxIV, pond N55.7283 x3 

E13.2376 
1 Monthly samples of total precipitation, May 2018-April 2019 
2 Grab samples once a month, May 2018-April 2019 
3 Grab samples once a month, January 2019-April 2019 
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Figure 11: Sampling sites for environmental tritium in the Lund area according to Table 7, 
including the Grevie well (T0) used as background. 

Figure 12: Sampling sites for environmental tritium in the Lund area according to Table 7. 
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The sample collection and sample preparation procedures for precipitation 
samples and air humidity samples are described in Appendix 2. In brief, 
precipitation samples were collected on a monthly basis using a rain collector 
from Palmex (Croatia) (Standard Rain Sampler RS1, including a siphon inlet). 
The sampler and the samplings followed the recommendations of the 
IAEA/GNIP precipitation sampling guide [173]. Air humidity was collected 
using condensation of water vapor. 

a b 

Figure 13: a) Weather station, precipitation collector (green funnel) and air dehumidifier at 
site T2a. The pond at site T2b is shown to the far right. b) Site T2a and the power station 
(blue building) used to power the air dehumidifier during air humidity sampling. The console 
for viewing data from the weather station is located in the white upper box mounted on the 
tripod to the far right. The Davis Weather Envoy with the USB data logger is placed in the 
lower solar-powered box mounted on the tripod. Pictures taken 1 April 2019. 

The ESS site T2a was equipped with a solar-powered weather station (Davis 
Vantage Pro2, Davis Instruments), installed in the end of September 2018, see 
Figure 13. Weather data was displayed using a wireless console and stored on a 
WeatherLink® USB Data Logger, Windows, using a wireless solar-powered 
Davis Weather Envoy (both mounted on a tripod in universal shelters). Data was 
logged every 30 minutes including e.g. temperature, wind speed, wind direction, 
air humidity and precipitation rate. Data was transferred to a laptop computer 
once a month using the software WeatherLink®. The precipitation data was 
used to ensure that no losses occurred during precipitation sampling using the 
Palmex rain sampler (e.g. from stop in the siphon inlet). 

The Grevie background water and the pond water samples were collected in the 
same bottles as the air humidity samples and were subjected to distillation prior 
to LSC measurement. For the pond water, samples of water not subjected to 
distillation were also measured to investigate the effect of distillation. All LSC 
measurements were performed using a Beckman LS 6500 LSC multipurpose 
liquid scintillation counter according to Appendix 2. All samples were measured 
at least 1200 minutes. 

The 2H/1H ratio of part of the samples was measured using Isotope Ratio Mass 
Spectrometry (IRMS) at the Stable Isotope Service Lab, Department of Biology, 
Lund University. For each collected sample of water, duplicate of triplicate 
aliquots of 1 ml was transferred to 1.5 ml HPLC vials with a screw caps 
(VWR1548-14888, VWR) using a pipette. Samples of tap water collected in 
March 2018, October 2019 and January 2019 as well as water from the Grevie 
well collected in October 2018 were also subjected to IRMS analysis. 
Additionally, some commercial bottled waters were analysed. 
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Results and discussion 

Tritium activity concentrations 

The results of the tritium measurements of the precipitation samples are shown 
in Table 8. Nine of the twelve samples also include data of the stable isotope 
composition (the final three samples have not yet been measured at the time of 
finalizing this report). Average temperatures from before the installing of the 
Davis weather station was taken from SMHI open data, station Lund (N55.693, 
E13.229) [174]. 

Table 8: Results of tritium activity concentration (Atritium) and stable isotope data (δD) of 
precipitation sampled from May 2018 to April 2019 at the ESS site T2a. Taverage is the average 
temperature during the sampling period, mwater is the sampled mass of water, Rprec is the 
precipitation during the period expressed in mm, ttritium is the LSC measurement time and MDA is 
the minimum detectable activity concentration. Values in red italic style are below the MDA and 
are thus not relevant. 

ID 
Sampling
interval 

Taverage 

(°C) 
mwater 

(g) 
Rprec 

(mm) 
δD 
(‰) 

ttritium 

(min) 
Atritium 

(Bq L-1) 
MDA 

(Bq L-1) 

P9 
2018-05-03 – 
2018-06-04 

17.4 18 0.4 -32.7±2.7 1800 3.4±0.5 1.4 

P10 
2018-06-04 – 
2018-07-05 

18.6 746 18.0 -55.7±3.2 4680 2.3±0.3 1.0 

P11 
2018-07-05 – 
2018-08-13 

21.9 2607 62.7 -58.6±0.4 2400 1.5±0.4 1.2 

P12 
2018-08-13 – 
2018-08-31 

17.6 1950 46.9 -49.9±2.3 2400 2.3±0.4 1.2 

P13 
2018-08-31 – 
2018-10-01 

14.1 1057 25.4 -55.2±0.7 1200 1.9±0.5 1.6 

P14 
2018-10-01 – 
2018-11-01 

10.6 2200 53.0 -50.2±0.8 3000 0.6±0.3 1.1 

P15 
2018-11-01 – 
2018-11-30 

5.2 1131 27.2 -59.4±0.6 1200 0.1±0.5 1.6 

P16 
2018-11-30 – 
2019-01-02 

3.5 2812 67.7 -69.4±0.6 3600 1.5±0.3 1.0 

P17 
2019-01-02 – 
2019-01-31 

1.0 1658 39.9 -58.6±1.9 1200 0.6±0.5 1.5 

P18 
2019-01-31 – 
2019-02-28 

3.8 2121 51.0 1200 1.0±0.5 1.6 

P19 
2019-02-28 – 
2019-04-01 

4.9 4060 97.7 1200 2.1±0.5 1.6 

P20 
2019-04-01 – 
2019-04-30 

8.2 283 6.8 1200 1.3±0.5 1.7 

Figure 14 shows the precipitation and average temperature at the ESS site T2 
during the sampling period. Note the very dry beginning and end of the 
sampling period. 
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Figure 14: Average temperature and precipitation during the sampling period at the ESS site 
T2b. Temperature data until September 2018 are taken from SMHI open data [174]. 

As seen in Figure 15, the tritium activity concentration seems higher during the 
spring 2018 than during the rest of the sampling period. Higher values during 
spring than during the rest of the year is expected since water vapour from the 
stratosphere (with a relatively higher tritium activity concentration than in the 
troposphere) enters the troposphere each spring when the tropopause breaks up 
between 30° and 60° north [175]. The highest tritium activity concentration was 
in the sample with very little precipitation (0.4 mm for approximately one month 
in May and beginning of June 2018). The range of activity concentrations is 
somewhat higher than the German data in Figure 10. 
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Figure 15: Activity concentration of tritium in precipitation sampled at the ESS site T2a during 
one year. Tritium values below the MDA are not relevant. Uncertainties (marked in grey) 
represent 1 σ. 

The tritium activity concentration of the air humidity samples collected 
approximately once a month at the ESS site T2a is shown in Table 9, including 
other relevant data from the sampling occasion and measurements of the stable 
isotope ratio (expressed as δD, see definition in Appendix 3). 

Table 9: Results of tritium activity concentration (Atritium) and stable isotope data (δD) of air 
humidity sampled as water from May 2018 to May 2019 at the ESS site T2a. T is the 
temperature, RH is the relative humidity during the sampling time t and v is the wind speed. mw 

is the sampled mass of water, ttritium is the LSC measurement time and MDA is the minimum 
detectable activity concentration. Values in red italic style are below the MDA and are thus not 
relevant. 
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 Tritium in precipitation 
MDA 

ID Sampling
date 

T (°C) RH 
(%) 

v 
(m s-1) 

Wind 
dir. 

t 
(hh: 

mw 

(g) 
δD 
(‰) 

ttritium 

(min) 
Atritium 

(Bq L-1) 
MDA 

(Bq L-1) 
mm) 

H7 2018-05-03 16 52 7 NW 01:06 49 -100.1±1.8 3000 1.9±0.3 1.1 

H8 2018-06-04 22 59 6 W 00:40 109 -55.7±2.2 2400 3.3±0.4 1.2 

H10 2018-07-05 20 58 5 W 00:40 88 -72.5±1.3 2400 1.8±0.4 1.2 

H12 2018-08-13 22 78 4 SSE 00:40 174 -71.6±3.8 2400 1.4±0.5 1.2 

H15 2018-10-01 12 66 4 W 01:10 53 -46.1±1.0 1200 1.0±0.6 1.6 

H17 2018-11-01 10 86 5 E 03:15 269 -83.4±0.8 1800 0.8±0.5 1.3 

H18 2018-11-30 2 88 5 SSE 01:30 39 -43.5±0.6 1200 1.0±0.5 1.6 

H20 2019-01-08 5 95 3 NNW 01:25 >34 -98.6±0.7 1200 2.2±0.5 1.5 

H22 2019-01-31 1 87 5 ESE 05:40 45 -104.7±0.6 1200 -0.2±0.5 1.6 

H25 2019-02-28 7 70 5 NW 04:20 131 No data 1200 1.9±0.5 1.6 

H27 2019-04-05 14 50 8 E 01:40 31 No data 1200 0.7±0.5 1.6 

H28 2019-04-30 15 50 2 SW 01:06 49 No data 1200 0.9±0.5 1.6 
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Table 10 shows the corresponding values for air humidity collected at the urban 
reference site T1a (sampling was however not performed in May 2018). The 
required time of sampling using the air dehumidifier strongly depends on 
temperature and outdoor air humidity. The cooler and dryer, the longer 
collection time is required. Attempts on sampling at temperatures < 1 °C with 
dry conditions (RH~50%) failed. 

Table 10: Results of tritium activity concentration (Atritium) and stable isotope data (δD) of air 
humidity sampled as water from June 2018 to May 2019 at the urban background site T1a. T is 
the temperature, RH is the relative humidity during the sampling time t and v is the wind speed. 
mw is the sampled mass of water, ttritium is the LSC measurement time and MDA is the minimum 
detectable activity concentration. Values in red italic style are below the MDA and are thus not 
relevant. 

ID Sampling
date 

T 
(°C) 

RH 
(%) 

v 
(m s-1) 

Wind 
dir. 

t 
(hh: 

mw 

(g) 
δD 
(‰) 

ttritium 

(min) 
Atritium 

(Bq L-1) 
MDA 

(Bq L-1) 

mm) 

H9 2018-06-04 22 58 6 W 00:40 103 -51.4±3.3 1200 3.3±0.4 1.7 

H11 2018-07-05 20 59 5 W 00:50 137 -76.5±3.5 2400 1.8±0.5 1.2 

H13 2018-08-13 20 88 3 SSE 00:40 145 -72.3±3.5 1200 1.1±0.5 1.7 

H14 2018-10-01 7 96 1 WNW 00:57 74 -61.2±1.5 1200 0.3±0.5 1.6 

H16 2018-11-01 7 86 4 E 02:00 68 -92.7±0.6 1200 0.4±0.5 1.6 

H19 2018-11-30 3 40 5 SSE 02:00 40 -82.0±3.0 1200 1.2±0.5 1.6 

H21 2019-01-08 3 96 6 NW 05:20 51 -100.3±1.5 1200 2.0±0.8 1.6 

H23 2019-01-31 1 88 3 ESE 03:45 32 No data 1200 0.8±0.5 1.6 

H24 2019-02-28 5 97 5 NW 02:00 47 No data 1200 1.9±0.5 1.6 

H26 2019-04-05 14 55 7 E 04:42 142 No data 1200 -0.4±0.5 1.7 

H29 2019-04-30 15 48 4 SSW 02:20 82 No data 1200 0.9±0.5 1.6 
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The tritium activity concentration in air humidity at the two sites samples (ESS 
site T2a and urban background site T1a) are graphically presented in Figure 16. 
The trend is the similar to that of precipitation (Figure 15) with higher tritium 
concentrations in June 2018 (westerly winds) than during the rest of the 
sampling period, and with the same range of activity concentrations. Most wind 
directions have been represented during the sampling period. 
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Figure 16: Activity concentration of tritium in air humidity sampled at the ESS site T2a and 
urban background site T1a. Tritium values below the MDA are not relevant. Uncertainties 
(marked in grey) represent 1 σ. 

The results of the tritium measurements of the 3 ponds monitored are shown in 
Table 11. The tritium activity values are mean of the LSC measurements of 
samples distilled and not distilled: a paired sample t test showed no significant 
difference between distilled and not distilled samples at the 0.05 level. No 
interference from other radionuclides is thus apparent, and the fraction of 
organically bound tritium in the pond water is insignificant. Only 2 samples 
showed tritium activity concentration above the MDA. The relatively lower 
values of the pond water compared to air humidity and precipitation may be a 
result of groundwater in the ponds. 

Repeated measurements of the Lund tap water revealed an average tritium 
concentration of 1.5 ± 0.6 Bq L-1 (MDA = 1.2 Bq L-1). 
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Table 11: Results of tritium activity concentration (Atritium) and stable isotope data (δD) of pond 
water sampled from January to April 2019 at the urban background site T1b, the ESS site T2b 
and the MaxIV site T3. T is the temperature at the time of sampling, ttritium is the LSC 
measurement time and MDA is the minimum detectable activity concentration. Values in red 
italic style are below the MDA and are thus not relevant. 

ID Site Sampling
date 

T 
(°C) 

δD 
(‰) 

ttritium 

(min) 
Atritium 

(Bq L-1) 
MDA 

(Bq L-1) 

Pond-1 T2b 2019-01-08 4,5 -56.2±2.2 2400 0.6±0.4 1.2 

Pond-2 T3 2019-01-08 4,5 -64.8±1.3 2400 0.4±0.4 1.2 

Pond-3 T1b 2019-01-08 4,5 -55.7±2.7 2280 1.2±0.4 1.2 

Pond-4 T2b 2019-01-31 1 -70.3±1.5 1800 0.6±0.4 1.3 

Pond-5 T3 2019-01-31 1 -61.4±4.4 1800 1.2±0.4 1.3 

Pond-6 T1b 2019-01-31 1 -76.0±2.3 2400 0.5±0.4 1.2 

Pond-7 T2b 2019-02-28 5 No data 2400 1.5±0.4 1.2 

Pond-8 T3 2019-02-28 5 No data 3000 2.5±0.4 1.1 

Pond-9 T1b 2019-02-28 5 No data 2400 0.7±0.4 1.2 

Pond-10 T2b 2019-04-01 7 No data 2400 0.7±0.4 1.2 

Pond-11 T3 2019-04-01 7 No data 2400 0.6±0.5 1.2 

Pond-12 T1b 2019-04-02 7 No data 2400 0.9±0.5 1.2 

Stable isotope data 

Figure 17 shows the measured δD values in precipitation from May 2018 to 
January 2019 as well as average temperature during this period. As the isotope 
fractionation is affected by the condensation temperature, and hence the ground 
temperature, the isotope fractionation is expected to be correlated with 
temperature. The variation in δD does not follow the temperature variations as 
distinctly as reported e.g. in [176] (see also Figure 3 in Appendix 3). One reason 
may be that the δD value in May 2018 is affected by the low precipitation rate 
during that specific period (see Table 8 and Figure 14) [164]. Not only the stable 
hydrogen isotopes, but also the tritium concentration is of course subjected to 
isotope fractionation. This is demonstrated in Figure 18, in which δD and the 
tritium activity concentration (only values above the MDA) have been plotted 
for the precipitation samples. A high degree of correlation is observed between 
the isotope fractionation of the stable isotopes and the tritium activity 
concentration (R = 0.94, p = 0.006). It should however be remembered that the 
current data set is very limited. Furthermore, and more importantly, the isotope 
fractionation effect is on the order of percent and does not explain the larger 
relative variations in the tritium activity concentration. Instead, the spring leak is 
expected to be the reason for the increase in tritium concentration during spring. 

47 



 

 

 

 
 

 

 

  

  

 

-80 

-60 

-40 

-20 

Is
ot

op
e 

fr
ac

tio
na

tio
n,

 
D

 (
‰

) 

-10 

-5 

0 

5 

10 

15 

20 

25 

30 

A
ve

ra
ge

 t
em

pe
ra

tu
re

, 
T

 av
e

rg
a

e 
(

C
) 

2018-05-01 2018-08-01 2018-11-01 2019-02-01 

Date 

Figure 17: Isotope fractionation of stable hydrogen isotopes (δD) in precipitation collected at the 
ESS site T2a and average temperature. 
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Figure 18: Isotope fractionation of stable hydrogen isotopes (δD) and tritium activity 
concentration in precipitation collected at the ESS site T2a. Only tritium values above the MDA 
have been included. 

Figure 19 shows stable isotope data and outdoor temperature for the water 
collected from air moisture at the ESS site T2a and the urban background site 
T1a.  Some rough trend can be seen in correlation between δD and temperature. 
It must be noted that it is not the δD value of the air moisture itself that is 
measured, but the δD of the water that has been condensed during sampling. The 
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condensation itself introduces isotope fractionation, which may be affected not 
only by outdoor temperature, but also on factors such as wind speed, and details 
in the sampling, such as thawing time if the air dehumidifier not only 
condensates, but also freezes the air moisture. However, the δD data reveals that 
this isotope fractionation will not significantly influence the measured tritium 
concentrations (see also Appendix 3, section 5.1). 
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Figure 19: Isotope fractionation data (δD) for condensed air moisture and temperature at the 
time of sampling at the ESS site T2a and the urban background site T1a. 

The results of IRMS measurements of some bottled water, distilled Grevie water 
(site T0) and tap water from Lund are shown in Table 12. The tap water in Lund 
mainly originates from Lake Bolmen (N56.850, E13.682) and occasionally from 
Lake Vomb (N55.678, E13.597) [177]. Thus, the public tap water in Lund is 
surface waters. The Grevie water and the bottled waters are ground waters, 
which all display lower δD values than Lund tap water. 

Table 12: Isotope fractionation data for some bottled commercial waters, distilled water from the 
Grevie well (site T0) and tap water from Lund. 

Sample No of replicates δD 
(‰) 

Bottled sparkling water, brand 1 (Coop) 2 -72.8 ± 0.2 

Bottled sparkling water, brand 2 (Ramlösa) 2 -58.0 ± 1.3 

Bottled sparkling water, brand 3 (Loka) 2 -66.6 ± 0.9 

Distilled Grevie well water, October 2018 3 -65.9 ± 0.2 

Lund tap water, March 2018 3 -50.4 ± 2.2 

Lund tap water, October 2018 6 -42.2 ± 2.6 

Lund tap water, January 2019 6 -50.5 ± 0.8 

δD values of precipitation, pond water, Lund tap water (surface water) and 
Grevie deep aquifer water (ground water) are shown in Figure 20. The three tap 
water samples are enriched in the heavier isotope compared to all precipitation 
samples, except the one collected during the very dry month of May 2018. This 
is consistent with the common knowledge that evaporation from surface waters 
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favours vaporization of the lighter isotopes, leaving the surface water 
isotopically heavier [164]. The relatively low δD values of the pond waters may 
indicate groundwater inflow to the ponds, which would be consistent with the 
low tritium values observed (see Table 11). 
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Figure 20: Stable isotope data for precipitation, pond water, tap water and deep aquifer water 
from the Grevie well (ground water of low tritium content). 

Conclusions and outlook 

Sampling using the rain collectors worked well, and the Davis weather station 
has proven reliable for collection of weather data. The precipitation sampler 
needed to be cleaned occasionally to prevent clogging of the dip-in tube. The 
collection of air humidity sampler using a dehumidifier worked well when not 
raining and not too cold and dry. A commercial collector of airborne tritium, 
located indoors, would be preferable to obtain continuous sampling. 
Furthermore, a sampler equipped with a catalyst to enable trapping not only 
water but also other hydrogen-containing gases, is desirable. For the pond 
samples analysed in this study, distillation did not affect the measured tritium 
concentration. When ESS is in operation, this may be the case. 

The MDA of the tritium activity concentration measurements was in the range of 
1.0-1.6 Bq L-1. To obtain these MDAs the measurement time had to be very long 
(10s of hours). Tritium in monthly samples of precipitation collected at the ESS 
site showed values from below the MDA (4 of 12 samples) to a maximum of 
3.4±0.5 Bq L-1, observed in the dry month of May 2018. Tritium in air humidity 
was sampled approximately once a month during one year at the ESS site and at 
an urban background site located ~4.3 km from the ESS site. 43% of the 23 
samples were below the MDA, and the maximum concentration was 3.3 Bq L-1 

(observed in 3 samples). The maximum observed tritium activity concentrations 
in precipitation and air humidity are somewhat higher than other background 
data (see e.g. the German data in Figure 9 and other GNIP data [163]). This 
could be due to local or regional effluents of anthropogenic tritium. However, it 
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should be remembered that the values are all close to the detection limit of the 
instrument used. 

The GNIP data base contains no recent Swedish data on either tritium or stable 
hydrogen and oxygen isotopes [163]. We propose to use the Hyltemossa station 
for precipitation monitoring of stable hydrogen and oxygen isotope ratios as 
well as tritium. We also propose to continue the precipitation collection at ESS 
to analyse the tritium levels as well as stable isotope data. For future 
measurements we also see the need of a new LSC instrument with a lower 
background, which would not only reduce the detection limit and increase the 
precision and accuracy of the measurements, but would also give the possibility 
to measure other radionuclides than tritium of relevance for ESS. As a next step 
we propose to prepare for OBT measurements, which requires the capability to 
separate HTO from OBT, preferably by a commercial instrument. Funding for 
such an instrument is however yet not available. 
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5.4. Tritium as water vapour inside 
an accelerator facility 

In this section we report on tritium in HTO collected at an accelerator 
laboratory at the Physics Department at Lund University. 

Indoor air humidity samples were collected close to the 3 MV electrostatic 
accelerator of the Lund Ion Beam Analysis Facility (LIBAF) between March 
and September 2019. This date range covers periods of inactivity, experiments 
with proton and deuterium beams and maintenance operation. For comparison 
purposes, samples were also collected in another room of the Physics 
Department located about 100 m from the accelerator. All these samples were 
collected with the same types of air dehumidifiers used for outdoor 
measurements. The samples were analysed by LSC without pre-treatment 
according to the operating conditions describes in Appendix 2. 

Activity concentrations from 1.9 to 8.3 Bq∙L-1 were measured in the accelerator 
hall while the maximum values measured indoor and outdoor were 2.6 Bq∙L-1 

and 2.9 Bq∙L-1, respectively, during the same time period. 

The values which were higher than the environmental values indicate that the 
accelerator can release some tritium in the air. However, these quantities are too 
small to be detected locally in Lund once diluted in the environment. 

The measurement campaign is still ongoing at the time of publishing this report. 

5.5. Tritium in luminous objects 
This section contains a short investigation of possible leakage of tritium from 
watches containing tritiated paint.  

The tritium concentration in humans may vary depending on natural variations 
as well as addition of artificial tritium. Examples from the literature show that 
tritium in members of the general public may be higher than in drinking water 
(the main transfer path of tritium to man) [178-181]. A common explanation 
found in the literature is that the elevated tritium levels observed in urine have 
other sources than drinking water, e.g. food or tritiated luminous products [168, 
182]. Highly elevated tritium activity concentrations have been found in urine of 
persons constantly wearing tritium-containing plastic case wristwatches [168, 
182]. Leakage rates of up to 162 kBq day-1 was found in one of the studies, and 
levels in urine of up to over 1 kBq L-1 [168]. 

Both these studies, [168, 182], are over 20 years old, and therefore we did a trial 
with a more modern tritium-containing watch, a Luminox (series 7050). Other 
contemporary brands that produce tritium-containing wathches include Ball, 
Isobrite, Traser, Marathon, Nite, Deep Blue and Yelang [183]. The Luminox 
watch was placed in a 100 ml plastic jar (a urine sampling jar seen in Figure 21) 
filled with 50 ml of water and the lid was closed. The watch was above the 
water surface for 20 hours (bracelet in the water). After 18 hours the jar was 
shaken a few times and the whole watch encountered the water. The watch was 
removed from the jar and 10 ml of the water was taken for LSC analysis. The 
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tritium activity concentration was not distinguishable from the background (< a 
few Bq L-1), and any leakage of tritium would be insignificant. A study of 
tritium in air humidity in a watch shop selling tritium-containing watches was 
also planned, but not performed, since the one watch shop asked for 
participation in the study turned out not to have any such watches in store [183]. 

5.6. Tritium in man 
A baseline study of the tritium content in urine of 55 subjects living or working 
in Lund is presented in this section. The subjects of the study are the general 
public in Lund (N = 17), ESS neighbours (N = 10), occupationally exposed 
workers (N = 18) and ESS personnel (N = 10). Method development for sample 
preparation (filtration with active charcoal and distillation) is presented. The 
full article has been published in the journal “Environmental Radioactivity” 
[184]. 

5.6.1. Purpose of the study 
In this part of the project, a preoperational baseline study of the urinary tritium 
levels in four different groups of people were investigated: ESS employees, 
members of the public in a range of 2 km from the ESS (referred to as ESS 
neighbours), workers presently exposed to tritium and the general public in the 
city of Lund (living from 2 to 15 km from ESS). A baseline study of tritium in 
humans is motivated since the tritium concentration in humans may vary 
between individuals depending on several factors. Drinking habits, e.g. the 
relative amounts of water consumed originating from tritium-depleted 
groundwater and from tritium-containing surface water, may be reflected in the 
urinary tritium content. Additionally, the presence of anthropogenic sources of 
tritium (industries, hospital and academic research laboratories and 
accelerators), as well as tritium used in certain luminous objects, may also 
contribute to individual variations [161]. 

Tritium is mainly transferred to humans via drinking water and food as tritiated 
water (HTO) and organically bound tritium (OBT) [161]. Excretion of HTO 
occurs not only in urine and faeces, but also in sweat and exhaled water vapour. 
Some HTO can be incorporated into tissue as OBT. The biological half-time in 
adult humans is generally considered to be 10 d for HTO and 40 d for OBT 
[161]. The global individual average annual effective dose around the year 2000 
was only about 0.01 µSv [161] (in 1962, the corresponding value for bomb-
related tritium was about 7.2 µSv [161]). 

Inhalation, skin absorption and inadvertent ingestion may be relevant exposure 
routes for workers handling tritium-labelled organic material. Excretion may 
partly occur as HTO, but some fraction of the tritium-labelled organic 
compounds may be incorporated in the body as OBT [185]. The resulting 
effective dose is strongly dependent on the type of compound [185]. 

The ESS is expected to release tritium mainly as HTO. In this study, we 
therefore analysed the HTO content in urine. These data may serve as basis for 
future assessments of the radiological impact of the ESS. 
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5.6.2. Sample collection 
After approval of the study by the Regional Ethics Review Board at Lund 
University (No. 2018/296), participants from the general public were recruited 
by post. Participants from the ESS or the exposed worker category were 
recruited directly. Appendix 4 shows the recruitment material as well as other 
documents used in the communication with the ESS neighbours. Slightly 
different versions were used for the other groups. 

The participants received a sampling kit (Figure 21) and were asked to collect 
morning urine at home in a 100 mL sterile urine beaker. The urine sample was 
stored in a cooling bag until the sample was transferred to Lund University. 
Samples were stored in a refrigerator at 4 °C until sample pretreatment and 3H 
measurement. 

The participants were also asked to fill in a questionnaire providing data on age, 
weight, gender and address, as well as information about possible known 
exposure to tritium and their beverage consumption during the day before 
sampling. 

Figure 21: Sampling kit including a sample bottle, a cooling bag and a questionnaire to fill in. 

In total 55 volunteers (32 men and 23 women), living or working in Lund, 
participated in the study and samples were collected between September and 
December 2018. Seventeen individuals were classified as members of the 
general public, 10 individuals were ESS neighbours, 10 were ESS employees 
and 18 persons were categorized as occupationally exposed workers. Fourteen 
individuals in the latter category were actively handling 3H-labelled substances 
or 3H-containing materials; the other 4 being employees who may be passively 
exposed to tritium. Several of the ESS employees have previously been 
employed at, or have recently visited, workplaces with excess levels of tritium. 

Activity concentration of tritium in tap water from Lund was also measured. 

5.6.3. Analytical method 
The full pretreatment and measurement procedure is described in Appendix 5. 
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5.6.4. Results 
The average tritium concentration in tap water in Lund, measured between 
October 2018 and January 2019, was 1.5 ± 0.6 Bq L-1 (MDA = 1.2 Bq L-1). 

The average reported volume of beverages consumed by the volunteers was 
2.1 ± 0.8 L day-1 (information was provided by 54 of the 55 participants). Tap 
water accounted for, on average, 78 ± 17% (mean ±1 SD) of the total drinking 
volume. Average age, weight, volume of beverages consumed and HTO activity 
concentrations for each group of participants are summarised in Table 13. 

Table 13: Age (range), weight, volume of beverages consumed, urinary HTO activity 
concentration and MDA for the four categories of participants (mean  1 σ) [184]. 

Group (N) Age  

(y) 

Weight 

(kg) 

Volume of 
beverages 
consumed 

(L) 

HTO activity 
conc.  

(Bq L-1) 

MDA  

(Bq L-1) 

General public (17) 51.7 (29-77) 80.3 ± 16.1 1.9 ± 0.7 <MDA 2.1 

ESS neighbours (10) 50.7 (25-59) 75.0 ± 15.8 1.6 ± 0.5 <MDA 1.4-2.1 

ESS employees (10) 46.0 (31-58) 88.7 ± 26.8 2.5 ± 0.9 <MDA 2.1 

Other exposed 
workers (18) 

39.4 (26-63) 73.9 ± 11.4 2.1 ± 1.0 2.6 ± 1.0 1.4-2.1 

The average urinary HTO activity concentrations found in the general public, 
the ESS employees and ESS neighbours, were all below the MDA. Only one 
value from a member of the general public was slightly above the MDA; 2.2 ± 
1.3 Bq L-1 (however, not significantly different from the activity concentration 
of Lund tap water). The group of exposed workers had an average HTO urinary 
activity concentration of 2.6 ± 1 Bq L-1. 

Figure 22 shows the urinary HTO activity concentration in workers. Subject 
number 1-4 are bystanders, i.e. individuals not handling tritium-labelled 
materials themselves, and subject number 5-18 are workers who actively handle 
tritiated material, or work at facilities where tritium is produced (particle 
accelerators). Five of the workers actively handling tritium-containing materials 
had values above the MDA that were significantly different from that in Lund 
tap water. Additionally, 3 workers had values above the MDA, however not 
significantly different from the activity of Lund tap water. The remaining 6 
workers actively exposed to tritium-containing materials had urinary tritium 
activity concentrations below the MDA and so did all 4 bystanders. 
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Figure 22: Urinary HTO activity concentration in bystander workers (number 1-4) and active 
workers (number 5-18) [184]. (The error bars correspond to the confidence interval). 

5.6.5. Discussion 
The HTO concentration in Lund tap water is very low (1.5 ± 0.4 Bq L-1), as 
compared to the European Union limit of tritium in drinking water of 
100 Bq L-1. The finding that the urinary HTO levels were below the MDA of 
2.1 Bq L-1 for the 38 participants that were not actively working with tritium, 
follows the global trend (most of the bomb-tritium produced in the 1960ies have 
now decayed). 

Only 5 of the 18 exposed workers showed elevated levels of urinary HTO (3.5-
11 Bq L-1). Those concentrations are very low compared to values presented in 
other occupational studies. As an example, workers at a research reactor in 
Denmark showed urinary HTO concentrations of up to 120 000 Bq L-1 [85]. In 
Swedish studies from the 1980ies, tritium-handling workers from different 
hospital services and research laboratories displayed urinary HTO 
concentrations from background levels up to 720 Bq L-1 (tap water 6 Bq L-1) 
[186, 187]. Workers at Ringhals nuclear power plant had an average HTO 
activity concentration of 47 Bq L-1 (0-165 Bq L-1; N = 18); the corresponding 
values were 24 Bq L-1 (0-144 Bq L-1; N = 75) for hospital employees and 
149 Bq L-1 (30-720 Bq L-1; N = 32) for accelerator facility employees, 
respectively [186, 187].  

In the current study, the five occupationally exposed workers with elevated 
levels of tritium were working with 3H-leucine, 3H-thymidine, 3H-acetate or 
methyl-3H-thymidine (Figure 23). The route of contamination could e.g. be 
direct contamination from the organic tritium-labelled compounds followed by 
their degradation in the digestive system or inhalation of HTO vapour (from 
degradation of the compounds). 
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a) b) 

Figure 23: Examples of amino-acids used by the exposed workers: a) thymidine, b) leucine. 

Tritium-containing luminous wristwatches may leak, leading to elevated tritium 
levels in the body that can be measured in urine [168]. This source of 
contamination was however not apparent for any of the participants in the 
current study. 

According to the questionnaires, tap water was the main source of water intake 
for the majority of the participants. It should be noted that the origin of this tap 
water, and hence the tritium activity concentration of the tap water, varies 
among the participants. As an example, the tap water distributed in the central 
parts of Malmö, where some of the participants work, is tritium-depleted 
groundwater [188]. The Lund public trap water is however surface water of 
higher tritium activity concentration than ground water. 

According to the ICRP, the committed effective dose coefficients of HTO are 
2.0∙10-11 Sv Bq-1 for inhalation [189] and 1.8∙10-11 Sv Bq-1 for ingestion, 
respectively [190]. The annual effective dose from HTO in Lund drinking water 
would thus be about 21 nSv year-1 (using a HTO concentration of 1.5 Bq L-1 for 
Lund tap water and an average estimated drinking volume of 2.1 L day-1). Intake 
of OBT will result in a  larger dose than from intake of HTO, by a factor of 2-
2.5 [161, 189]. For occupational exposure of tritium-labelled organic 
compounds, the internal dose to tissue is usually up to ten times higher than the 
dose from an equal amount of HTO. It should also be noted that the absorbed 
dose to the nuclei of proliferating cells may be higher by one to two orders of 
magnitude than the dose from the intake of the same amount of HTO [161]. This 
is valid for both acute and prolonged intake of tritiated DNA precursors (e.g. 3H-
thymidine, 3H-desoxycitidine) [161]. 

5.6.6. Conclusion 
The baseline of HTO in humans in Lund was established using urine samples 
from 55 individuals divided in four groups: the general public (N =17), ESS 
staff members (N =10), ESS neighbours (N =10) and occupationally exposed 
workers (N =18). For the first three categories, no elevated levels of urinary 
tritium were detected as compared to Lund tap water and most of the values 
were found below the MDA. Thus, it can be concluded that there is currently no 
source of tritium contamination in Lund. 

All cases of observed tritium contamination belonged to the occupationally 
exposed category: only 5 workers, actively handling tritium-labelled organic 
compounds during the study, were found to have elevated levels of tritium in 
their urine. The tritium activity concentrations observed were very low 
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compared to other studies. The preoperational baseline data presented here will 
be used as a reference to individual monitoring of tritium in the local population 
during the operational phase of ESS.  
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6. Summary and 
conclusions 

This project financed by SSM aimed to strengthen competence at Lund 
University for measurement and analysis of ESS-specific radionuclides. In the 
first part of the project an extensive literature review concerning radionuclides 
which may be produced in ESS was performed. The information provided was 
based on both modelling and experimental analysis. We found that radionuclide 
production effects in particle accelerators are well-known, while experience with 
tungsten targets is very limited. As a second part of the project, an independent 
simplified model of the ESS target sector for the calculations of radionuclide 
production in the ESS tungsten target was developed using FLUKA code. The 
predicted radionuclide production was higher than estimated by other authors for 
most of the radionuclides considered. However, the differences were less than a 
factor of five for all radionuclides analysed, except for 148Gd. The reason for this 
is different spallation and nuclide evaporation models used. 

In the third part of the project a review was performed regarding the techniques 
already used to analyse the radionuclides that will be produced in the ESS 
tungsten target. The two main categories are the radiometric techniques (liquid 
scintillation, alpha and gamma spectrometry) and mass spectrometry techniques. 
Gamma-ray spectrometry can be referred to as the main technique of 
radionuclide analysis since most of the ESS specific radionuclides will be 
gamma-emitter. Our research groups have extensive experience in gamma 
spectrometry measurement in environmental matrices such as soil, water, 
vegetation and aerosol samples. Special attention was given to the pure alpha- 
and beta-emitters that are considered as difficult to measure. Liquid scintillation 
counting methods have already been developed by us to analyse releases of 
tritium in the environment, but the technique is also of interest for the analysis 
of other important ESS beta-emitters like 14C, 35S, 31P and 33P in environmental 
samples. Finally, alpha spectrometry is extensively used to measure alpha-
emitter occurring naturally or produced in the nuclear fuel cycle. It can be used 
for the measurement of environmental matrix including the direct measurement 
of aerosols. Alpha spectrometry also seems a promising technique for the 
analysis of the alpha-emitting lanthanides that will be produced in the ESS 
target, and in particular for 148Gd. Compared to gamma spectrometry, both LSC 
and alpha spectrometry analysis require sample preparation steps (extraction, 
pre-concentration, chemical separation…). 

Mass spectrometry techniques are complementary to the radiometric techniques. 
Among the many types of MS techniques, ICP-MS and AMS seem to be the 
most suitable for the analysis of environmental samples. ICP-MS is suitable for 
the analysis of many radionuclides and can be hyphenated with several 
extraction or separation techniques such as laser ablation or gas 
chromatography. The possible drawback of the technique is the presence of 
isobaric interferences. AMS is ultrasensitive, since it can remove interfering 
isobars, but usually requires more complex sample preparations. It is commonly 
used for 14C analysis and our group has a long experience with this type of 
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measurement. However, there are examples of its use for the analysis of several 
other radionuclides. 

It is also possible to use techniques like neutron activation analysis (NAA) to 
analyse ESS specific radionuclides but these techniques are usually not widely 
available. 

Several of the ESS radionuclides are very specific and have so far never or 
rarely been investigated by analytical techniques. Since they do not exist in the 
environment, the only available data regarding their analysis comes from other 
fields of research (e.g. medicine, nuclear physics).  

In brief, this literature survey allowed us to sort the ESS specific radionuclides 
in three categories: 

 Radionuclides that can be considered as the easiest to analyse: 
gamma emitters, common alpha- and beta- emitters (actinides, 
tritium, 14C…) 

 Radionuclides for which analytical methods were already 
developed but never or rarely applied to environmental samples 

 Radionuclides that were too rarely studied and presently in lack of 
any analytical method 

If the first category should not pose a problem, the knowledge gaps existing for 
the two other categories should be filled, in particular for most radiotoxic ESS 
radionuclides such as 148Gd. 

Three experimental parts were performed during the project, related to 
radioactivity measurements of aerosols, mapping of environmental tritium in the 
Lund area, and establishment of a method to measure tritium in urine followed 
by a study of tritium in persons presently living or working in Lund. 

In a previous project performed by Lund University, the radiation levels around 
ESS was monitored in years 2017-2018 by ambient equivalent dose rate 
measurements, in situ gamma spectrometry, gamma spectrometry of various 
environmental samples, LSC of tritium in ground- and surface water and 
environmental samples, and AMS measurements of 14C vegetation. Aerosol 
measurements were not included. However, during an accident scenario, a wide 
range of aerosol particles e.g. from the tungsten target may be released to the 
environment. Hence, we initiated gamma spectrometry measurements of 
aerosols which were collected at a rural background site, Hyltemossa, located 
close to SSM’s environmental monitoring station for gamma-emitting aerosols 
at Ljungbyhed (operated by the Swedish Defence Research Agency, FOI). 
Aerosol samples were collected on quartz filters using a DHA-80 high-volume 
aerosol sampler (600 L min-1) with automatic filter change in 3.5 day periods. 
Samples were pooled into 2-week collections times and measured with gamma 
spectrometry at Lund University. Measurements of 7Be on the collected aerosols 
agreed fairly well with FOI results from Ljungbyhed, despite significantly 
higher flowrates, and hence sampled aerosol mass, at Ljungbyhed. In 
conclusion, the DHA-80 sampler worked well and has the potential to be used 
for upcoming radioactive aerosol measurements (flow rate can be increased up 
to 1000 L min-1). In particular, the automatic filter change is most beneficial. In 
future measurements, a routine must be implemented which shortens the time 
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between end of sample collection and start of gamma measurement to a few 
days, to be able to measure more short-lived radionuclides. 

Tritium (radioactive hydrogen) is expected to dominate the source term from the 
ESS target station to the environment with an estimated release rate of 
~1 TBq year-1 during normal operation. Tritium is very mobile in the 
environment, and is easily incorporated into living matter, including humans. 
Tritium is commonly used as a tracer in research and industry and may also be 
used as target material in accelerator facilities or being produced in nuclear 
reactions in these laboratories. Local contamination of tritium in the Lund area 
is thus possible already prior to the start of ESS. In the previous project 
performed during 2017-2018, tritium was mapped in several environmental 
matrices, however not precipitation, air and humans. During the present SSM 
project, we have performed several investigations to monitor the current 
situation of tritium in Lund using LSC: the matrices investigated included air 
humidity, precipitation, pond water, indoor air at one accelerator facility and 
urine from the general public as well as from persons who may be 
occupationally exposed to tritium. We have also reduced our detection limits of 
tritium considerably. 

The results of the tritium measurements of monthly samples of precipitation 
collected at the ESS site for one year (May 2018-April 2019) displayed low 
activity concentrations (<3.4 Bq L-1), with somewhat higher concentration in the 
spring of 2018 than during the rest of the year. The values were close to the 
detection limit (1.0-1.6 Bq L-1, depending on sample measurement time), but 
occasionally slightly higher than reported at other European stations according 
to the IAEA GNIP database. Tritium in grab samples of air humidity (collected 
once a month at the ESS site and at an urban background site in Lund for a year) 
showed similar activity concentrations and trends as precipitation. Grab samples 
of pond water, collected once a month for 4 months at 3 different sites (ESS, 
MaxIV and an urban background site in Lund), showed tritium activity 
concentrations below the detection limit (~1.2 Bq L-1) in 83% of the samples, 
which may possibly be explained by inflow of groundwater into the ponds. 

The baseline of tritium levels in Lund population was assessed by measuring 
urine samples from 55 volunteers. Activity concentration of tritium in the 
inhabitants of Lund were found lower than our 2.1 Bq L-1 minimum detectable 
activity. By comparison, during the sampling period (September to December 
2018), the activity concentration of tritium in Lund tap water was 1.5 Bq L-1. 
There are currently no increased tritium levels even in the people working at the 
ESS or living in a 2 km range from the facility. Some exposed workers were 
found to have up to 11 Bq L-1 in their urine but those values are still very low 
compared to reactor workers for example. 
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7. Outlook 
The independent modelling of the radionuclide production in the ESS target was 
started in this project. We propose to continue this activity as modelling results 
might be very useful identifying the most important radionuclides in other 
structures as well. E.g. modelling of other components such as the beam dump 
or air in the tunnel may help assessing radionuclide activities and doses during 
the commissioning. Simulations may be further used for evaluation, 
justification, and expansion of indirect measurement methods of difficult-to-
measure radionuclides. For example, simulations of Gd isotopes ratios may link 
actual dose measurements with the source of exposure during normal operation 
and accidents. In this specific project, we planned that modelling would be 
performed by one person only. It is necessary to keep this competence and also 
to expand the capabilities to perform modelling with different tools. 

We propose to continue the current project by developing techniques based on 
alpha spectrometry to be able to quantify alpha-emitting lanthanides like 148Gd 
in various environmental samples, such as soil and vegetation, but also in 
aerosol samples. We plan to increase the flow rate of the DHA-80 sampler from 
600 L min-1 to 1000 L min-1. Chemical extraction of lanthanides may be based 
on the work performed for spallation targets [56, 57, 66] and extended into 
environmental samples. New chemical separation methods and deposition 
techniques for the production of thin alpha sources for actinides and 210Po 
analysis are under development in other SSM-financed projects (Sören 
Mattsson: SSM2018-905 and SSM2020-797). In 2018, we initiated a new 
collaboration with the Department of Radiation Physics of the University of 
Gothenburg. It consists in laboratory training and sharing of experience on new 
radiochemistry and alpha spectrometry techniques. By strengthening the 
network of Swedish environment radioactivity groups, we hope to help to 
develop and maintain competence in our field of research. 

For aerosol samples we also propose to investigate the possibilities of direct 
alpha spectrometry measurements according to the principles of Pöllenen [61] 
and determine detection limits when using different types of aerosol collectors 
and sampling intervals. We also suggest to thoroughly investigate the use of 
mass spectrometric techniques, such as ICP-MS, for determination of 
lanthanides in environmental samples. This study is part of another SSM-finance 
project focusing on radioecology (Christian Bernhardsson: SSM2019-1010). We 
plan to assess the existing concentrations of lanthanides in order to establish the 
equilibrium distribution of these elements in soil in the vicinity of the ESS and 
in the locally produced foodstuff. This project also includes the development of 
methods for the chemical extraction of these elements. 

Furthermore, we propose to set up extraction procedures primarily for 32P, 33P 
and 35S in different environmental matrices (and in urine) for subsequent LSC 
analysis. LSC techniques for other relevant ESS beta-emitters, and alpha 
emitters, will require a newer LSC instrument than what we are presently 
equipped with. 
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We also propose to estimate detection limits for ESS-relevant gamma emitters in 
environmental samples, including aerosols, for laboratory-based gamma 
spectrometry available at Lund University. 

For tritium, we suggest that Lund University continues to perform independent 
measurements of the environmental tritium levels. We suggest setting up a 
station in the centre of Lund to collect samples of precipitation on a monthly 
basis, and to continuously sample air humidity (we have funding to purchase a 
sampler for continuous collection of separate fractions of HTO and HT). We 
also propose to investigate the feasibility of passive tritium samplers (see e.g. 
[191]). Additionally, we propose to use the rural background station Hyltemossa 
for precipitation monitoring of stable hydrogen and oxygen isotope ratios as 
well as tritium. Currently, no Swedish data is reported to the IAEA database 
Global Network of Isotopes in Precipitation (GNIP). We also wish to equip the 
proposed central station in Lund with a DHA-80 sampler for aerosol collection. 

We propose annual follow-ups of the tritium levels in urine of the general public 
in Lund with a reduced number of participants. We also suggest to further 
survey indoor tritium levels in various chemical forms at existing accelerator 
facilities in Lund (at Lund University and at the Skåne University Hospital). 

We hope that the competence gained during this project will get the opportunity 
to be further developed, maintained and expanded, as ESS within a few years 
enters its operational phase.  
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1. Introduction 

1.1. Purpose 

The purpose of this report is to review which radionuclides are expected to be 
produced in and potentially released from the European Spallation Source (ESS) 
facility, according to the project financed by Swedish Radiation Safety 
Authority (SSM) “Kompetensutveckling vid Lunds universitet för mätning av 
ESS-specifika radionuklider”. This is Part 1a report, which includes available 
literature and data review. The available data was gathered from scientific 
publications as well as from some ESS reports on radionuclides which may 
potentially be produced in ESS during operation. This information is based on 
both modeling and experimental analysis. The list of long-lived radionuclides is 
given in Appendix A. Only qualitative analysis was performed, the 
concentrations of radionuclides were not evaluated. The effective dose 
coefficients of radionuclides were gathered in order to have the possibility to 
sort radionuclides according to their radiotoxicity. The information provided in 
this report will be used as a basis for identifying the most important and the 
most significant radionuclides from a radiation protection point of view. As 
other tasks of this project are related to identification and development of 
measurement methods of the most important radionuclides, this report is an 
integral part of justification of such a list of radionuclides.  

1.2. The ESS facility 

The European Spallation Source (ESS) is a state-of-the-art neutron source being 
built in Lund, Sweden [1, 2]. A view of the construction site in September 2018 
is given in Fig. 1. As of November 2018, the initial operation of the linear 
accelerator is planned for 2019, start of instrument commissioning is foreseen in 
2022 and the start of a scientific user programme in 2023 [3]. This large-scale 
user facility will be used for studies of the structure and dynamics of the 
materials using neutrons. Neutron scattering is a well-developed and extensively 
used method to investigate the fundamental properties of the materials in the 
field of physics, chemistry, biology, medicine and geology [4-7]. Until the end 
of the twentieth century neutron scattering experiments were mainly practiced 
with a continuous flux of neutrons from nuclear reactors. ESS will offer neutron 
beams of extremely high brightness for cold (0-5 meV energy) neutrons 
delivering more neutrons than the world’s most powerful reactor-based neutron 
sources today, and with higher peak intensity than any other spallation source. 

The basic layout of the ESS facility consists of a linear accelerator which 
delivers proton pulses of 2.86 ms at 14 Hz onto a tungsten target where fast 
neutrons are produced via spallation reactions [8]. The fast neutrons will be 
moderated to thermal and cold energies using liquid parahydrogen [9]. These 
thermal (20-100 meV energy) and cold neutrons will be transported to the 
beamlines where they will be mainly used for neutron scattering experiments. 
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Figure 1. ESS construction site on September, 2018 [10]. 

The worldwide experience from operation of spallation sources is very limited. 
The main information about operating spallation sources world-wide is given in 
Table 1. An inevitable side effect of the neutron generation is the production of 
various radionuclides, resulting from spallation in the proton accelerator and 
target, as well as from neutron activation of surrounding structures, soil and air. 
Radionuclides formed in the ESS may be released to the environment during 
operation and/or accidents. The variety of radionuclides covers α, β and γ-
emitting long- and short-lived radionuclides. The main aim of this short report is 
to analyze available information and present which radionuclides may be formed 
and released during operation of ESS. 

Table 1: Operating Spallation Sources in the world. 

Spallation Source Location Proton 
energy 

Target
material 

Los Alamos Neutron Science Los Alamos, New Mexico, 800 MeV W 
Center (LANSCE) USA 

Rutherford Appleton Laboratory, Chilton, Oxfordshire, UK 800 MeV W-Ta 
ISIS 

Neutron Complex of the INR Troitsk, Russian Federation 600 MeV Pb 
RAS 

Paul Scherrer Institute, SINQ Villigen, Swizerland 590 MeV Pb 

Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA 940 MeV Hg 
SNS 

Japan Proton Accelerator Tokai-mura, Naka-gun, 3 GeV Hg 
Resarch Complex (JPARC) Ibaraki, Japan 

The target will consist of 10x30x80 mm3 tungsten bricks distributed on a steel 
support [11]. The target wheel (total weight – 10 tonnes) will be composed of 36 
sectors and will be cooled by pressurized helium gas. For every 2 GeV proton 
incident on the tungsten target, approximately 56 neutrons will be liberated via 
nuclear spallation and subsequent reactions. Out of the 56 neutrons, only small 
part will enter one of the neutron guides with a proper direction and energy to be 
useful for neutron scattering. The remaining neutrons will activate ESS 
components (target, moderator, reflector, coolant, constructions etc.) and 
instruments and will thus contribute to personnel dose in the target building and 
instrument halls. Most of the radioactivity, however, is confined in the tungsten 
within the target [2]. 
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2. Radioactivity analysis in 
accelerator-type facilities 
and spallation sources 
A summary of the most important radiological safety considerations will be 
provided in this chapter. Most important analysis tools for material composition 
analysis will be presented here. 

2.1. General aspects of radiological 
safety of the spallation source 

The fundamental safety objective, which should be achieved while operating 
any facility which give rise to radiation risks, is to protect people and the 
environment from harmful effects of ionizing radiation [12, 13]. The safe 
operation of the ESS must be clearly evaluated, justified and ensured before the 
start of the commissioning. The information of the radioactivity produced by 
ESS must be evaluated to ensure that radiological hazards are minimized to the 
operating staff, general public, and environment. Readiness for highly unlikely 
emergency situations has to be based on the comprehensive safety analysis of 
the ESS facility and its modes of operation [12]. 

A vast amount of knowledge and operating experience have been gained about 
radiation protection and safety of proton accelerators during the several decades 
of studies and operation of such facilities [14-18]. This experience provides 
basis for the radiological safety analysis of ESS facility. 

The ionizing radiation source from ESS may be divided into prompt 
(“skyshine”) radiation that exists only while the accelerator is in operation and 
induced radioactivity which remains even after the accelerator is shutdown. 
Neutrons will be the dominant component of the prompt radiation. Several 
approaches exist to evaluate prompt neutron radiation, see e.g. a report by 
Thomas and Stevenson (published in 1986) for a detailed discussion [14]. 
Exposure is also discussed by Moritz (2001) [15] and Mauro (2009) [16]. Our 
report focuses on the radioactivity arising from radionuclide production, while 
prompt radiation is out of scope of this report. 

As previously stated, a spallation source produces neutrons for the studies of the 
materials through spallation reactions. Spallation refers to non-elastic nuclear 
reactions that occur when energetic particles interact with a nucleus. This 
reaction causes an intra-nuclear cascade and evaporation of the nucleus, emitting 
various particles such as protons, neutrons, deuterons, etc. These particles later 
on participate in secondary reactions [19]. The acceleration of the protons 
which induce the spallation reaction is not totally efficient – lost high energy 
particles hitting structural components will create radioactive isotopes. 
Therefore, the accelerator part of a spallation source is also an important source 
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of radionuclides. Moreover, activation may occur outside the structures of the 
accelerator – in the soil and groundwater in the vicinity of the accelerator. 

In a paper by Stevenson (2001) [20] a few very simple and useful rules of thumb 
regarding radioactivity induced in accelerators are given. The total quantity of 
radioactivity produced in an accelerator structure may be related to the energy of 
initial particle: the total number of inelastic reactions produced by a high-energy 
proton is approximately equal to its kinetic energy in GeV multiplied by three, 
almost independent of the target material. About one-third to one-half of all 
inelastic interactions produces radionuclides with a half-life between several 
tens of minutes and a few years [20]. A convenient rule then is that the saturated 
activity for incident proton energies of more than 1 GeV is 1 Bq/GeV. 

For example, this approximate method allows us to evaluate the total saturated 
activity produced by a 2 GeV proton accelerator operating at a proton intensity 
of 1016 per second. The total saturated activity of relatively long-lived 
radionuclides would be 2∙104 TBq. In general, if we compare the activities of 
radionuclides produced by accelerators and spallation sources to the levels in 
nuclear power plants, the specific activity induced in the accelerator structures is 
much lower than what is found in reactor irradiated materials [14]. Despite that, 
analysis of radionuclide production is important for minimizing exposure doses 
for personnel and general public during operation, possible accidents and 
radioactive waste management. 

The safety of an accelerator-based facility is assured applying the ALARA (As-
Low-As-Reasonably-Achievable) principle for exposure doses for personnel and 
general public. In order to achieve this, it is important to predict the produced 
radionuclide inventory and residual activity during and after operation and 
before any handling and maintenance procedures. The quantification of the 
residual activity is necessary for evaluating the proper time of maintenance and 
the resulting doses for personnel as well as for optimizing the choice of the 
construction materials for the accelerator components. This quantification is 
usually performed using validated (i.e. showing reasonable correspondence 
between predicted and measured results) computer simulation codes. As there is 
no direct operating experience from such a unique facility as ESS, simulations 
before the start of operation are the only reasonable way to predict the activation 
levels. Comparisons with experimental data from similar spallation sources may 
be a good method to evaluate if the modeling results are adequate. 

The limiting doses are set for normal operation and for postulated accidental 
scenarios, which may occur during the lifetime of ESS. Different dose limits are 
set by the Swedish Radiation Safety Authority (SSM) in the regulatory 
requirements for workers of the facility and for members of the public [21]. For 
normal operation of ESS, the annual effective dose limit is set to be 0.1 mSv for 
a member of general public. Higher effective dose limits apply for various 
postulated accidental scenarios [22]. For those who work with ionising radiation, 
the general limit on effective dose is set to 20 mSv year-1 [21]. Various accident 
scenarios are analyzed in ESS Preliminary Safety Analysis report [22], and those 
which could lead to unplanned releases of radionuclides are identified. Effective 
doses for workers and the members of the public resulting from ESS operation 
and accidents were estimated performing safety analysis of the facility. 
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The number of different radionuclides which may be produced in a spallation 
facility is in principle very large, but in practice a smaller number of 
radionuclides is of relevance for radiological protection. The main reason is that 
not all the radioactive nuclei contribute significantly to the effective dose for a 
worker or for a member of general public, some of them have a very short 
lifetime, for example. However, radionuclides of shorter half-life than 1 hour 
may be of concern in radiological protection if produced in very large quantities. 
For example, some of the radionuclides are relevant only for short-term safety 
issues (e.g. some accident scenarios). The screening of radionuclides procedure 
is applied during analysis aimed at excluding clearly insignificant radionuclides. 
E.g. this procedure was applied by SSM in their document “Underlag till 
placering i beredskapskategori för ESS och beredskapsplaneringen kring 
anläggningen” [23], where 49 most important radionuclides were selected for 
analysis. A very general criterion for including a radionuclide is basically that it 
cannot be ruled out because it has a non-negligible radiological impact. The 
importance of a radionuclide is determined by its radiotoxicity, which is based 
on total activity of the specific radionuclide and the dose conversion factor for 
inhalation or ingestion: 

𝑅𝑡𝑥௡
௜௡௛ሺ௜௡௚ሻሺ𝑡ሻ ൌ 𝐷𝐶𝐶௡

௜௡௛ሺ௜௡௚ሻ ൈ 𝐴௡ሺ𝑡ሻ (1) 

where 𝑅𝑡𝑥௡
௜௡௛ሺ௜௡௚ሻሺ𝑡ሻ is the inhalation (ingestion) radiotoxicity for nuclide n at 

time t in Sv, 𝐷𝐶𝐶௡
௜௡௛ሺ௜௡௚ሻis the inhalation (ingestion) dose coefficient for nuclide 

n in Sv/Bq, and An(t) is the inventory of radionuclide n at time t in Bq [24]. In 
general, the dose coefficient is higher for inhalation than for ingestion of the 
same radionuclide, meaning that inhalation of the same amount of activity of a 
specific radionuclide results in a higher dose than ingestion. Considering various 
exposure scenarios, this fact should be taken into account in order to properly 
evaluate the resulting doses. 

2.2. Calculations of radionuclide 
concentrations 

The basic information needed for the calculation of radionuclide concentrations 
in the materials irradiated in an operating accelerator (as well as in a spallation 
source) environment is the reaction cross-sections for the production of a given 
radionuclide from a material bombarded by protons or neutrons, decay data, 
material composition and accelerator (spallation target) geometry. The nuclear 
reactions cross-sections are gathered and compiled into nuclear data libraries. 
The reaction cross-sections are used as parameters in equations predicting the 
radionuclide composition. The US Evaluated Nuclear Data File (ENDF/B) [25] 
and the Europe Joint Evaluated Fission and Fusion File (JEFF) [26] are the most 
frequently used libraries. For spallation reactions, experimentally validated data 
in whole energy range is not available. Theoretical models are then used. 
Different spallation models exist for simulation of spallation reactions, and all 
models have their own strengths and weaknesses [27]. Benchmarking studies for 
these models have been performed [28, 29]. These studies were  using 
experimental data from experiments with tungsten [30, 31] for comparison with 
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theoretical predictions. The information provided in the two papers by Titarenko 
et al. [30, 31] are extremely important for ESS, which is designed to use 
tungsten target, as it provides essential experimental data for tungsten target 
composition evaluation. 

The material composition and parameters defining the interaction with particles 
(protons, neutrons etc.) are vital to solve particle transport problems. Particle 
transport problems can be described as the calculation of particle and material 
variables during the interaction of a particle with the surrounding material. This 
is usually performed using Monte Carlo methods [32]. Once the transport 
problems are solved the concentration of the radionuclides can be calculated. 
This is done using a series of coupled differential equations discussed originally 
by H. Bateman [33]. When solving these equations an operation history has to 
be assumed, i.e. the length of the periods of irradiation and cooling. To be able 
to estimate an effective dose to the general public from the installation, the 
migration of radionuclides to the environment should be performed, taking into 
account various conditions and scenarios. Migration in different media (air, 
water and ground) outside the accelerator and target are usually addressed in 
such analysis [34]. This complex topic is out of scope of this report, as we are 
intending only to identify the most important radionuclides. 

2.3. Modeling tools for computational 
analysis 

The main computation tools used to evaluate particle transport and material 
activation are MCNP [35], FLUKA [36], MARS [37] and Geant4 [38] codes. 
Other validated codes may also be used, however, these are less frequently 
applied. MCNP (Monte Carlo N-Particle) code is a Monte Carlo based code that 
is used for particle transport problems. This code may successfully be used for 
spallation source simulations [30, 39, 40], while changes in the material 
composition may be calculated using Cinder90 code, which is directly integrated 
in MCNP. FLUKA is a multipurpose transport Monte Carlo code for 
calculations of particle transport and interactions with matter. The code is also 
capable of following radioactive inventory evolution. Its capability to predict 
radioactive inventories of spallation sources has been successfully demonstrated 
[41]. MARS is used for similar problems as FLUKA. GEANT4 is a highly 
universal toolkit for the simulation of the passage of particles through matter, 
including simulation of physical processes relevant for material composition 
analysis. In a report from 2016, DiJulio et al. [42] presents the results of neutron 
transport simulations of simple spallation targets and the ESS Technical Report 
Design (TDR) model using the Monte-Carlo codes Geant4 and MCNP. Overall, 
there is in general good agreement between the results of calculations of both 
codes. 
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3. Review of radionuclide 
production assessment in 
spallation facilities 
A number of computational and experimental studies have been performed 
either by ESS or by academic institutions to assess the radionuclide content in 
European spallation source. Analyzing induced radioactivity in ESS, the 
spallation source can be divided into two parts: linear accelerator and tungsten 
spallation target. 

This chapter starts with a brief summary of experience from spallation sources 
in operation, then the predictions for ESS facility is presented. Some 
considerations regarding radiotoxicity are given in the next section. Extensive 
experience in the operation of linear accelerators exists worldwide, and this 
knowledge is much broader than the one of spallation targets. A summary of the 
experience in induced radioactivity in linear accelerators is given towards the 
end of the chapter and finally calculations for the linac of ESS are reviewed. 

3.1. Experience from some spallation 
targets world-wide 

In a study related to J-Parc Spallation Neutron Source in Japan (study published 
in 2004), Kai et al. [43] analyze induced radioactivity in a mercury target. 
Activation of different components was modeled: target, cooling water, 
moderator, reflector etc. The study presented has no detailed discussion, only the 
calculation results are given. The radionuclide activities were calculated for the 
main components of J-PARC spallation neutron source after different times of 
operation (6, 10 and 30 years). As this is a mercury target spallation source, the 
principal design is different from ESS, and therefore direct comparison with 
ESS is not possible. 

Experimental measurements of spallation cross-sections of tungsten are limited, 
due to complicated and costly experiments. However, some experimental data 
from radioactive spallation product measurements are available. Kelley et al. 
(studies published in 2004-2005) investigated the 148Gd production cross-
sections in tungsten spallation reactions for 600 MeV and 800 MeV energy 
protons [44, 45]. They also performed modelling and found that the Bertini 
spallation model predicted the 148Gd production better than the combination of 
the CEM2k and GEM2 codes. The difference between the experimental data and 
predictions using the Bertini model was in the range of 2-25 %, while the 
CEM2k+GEM2 predictions were a factor of two to three higher than the 
measurements. 

In two papers from year 2011, Titarenko et al. [30, 31] summarize modeling and 
experimental data, and evaluate the validity of theoretical computational models. 

87 



 

  

  

 

 

  

 

 

 

 

 

 
   

 
  

    

   
   

 
    

  
  

 

 

 
 

 

  

 
   

 
 

   

The experimentally measured cross sections for nuclide production in thin 
natural tungsten targets irradiated by various energies (up to 2.6 GeV) protons 
were determined. It was found that alpha-active nuclides were produced in all 
heavy target materials irradiated with protons of an energy above about 0.5 
GeV. The average experimental accuracy of the cross sections for the observed 
reaction products for tungsten was 14.8%. 

Table 2: Codes and spallation models analyzed in [30]. 

Code 

MCNP6/MCNPX 

Physical models 

BERTINI 

ISABEL 

CEM03.02 

INCL4.2 + ABLA 

INCL4.5 + ABLA07 

PHITS Not specified 

CASCADE Not specified 

In the summary by Titarenko et al.[30], several different theoretical models and 
codes were used for modeling. They are summarized in Table 2. The high-
energy transport codes were based on various versions of nuclear reaction 
models (generally, an intra-nuclear cascade model (INC) followed by different 
de-excitation models). An average deviation factor 〈𝐹〉 between experimental 
and predictions was used as criteria to quantitatively evaluate the codes. 〈𝐹〉 is 
defined as 

ಿ
〈𝐹〉 ൌ  10ಿ

భ ∑ೕసభሺ୪୭୥ ఙ೎೚೏೐ି୪୭୥ ఙ೐ೣ೛ሻ (2) 

where N is number of radionuclides, σcode is predicted cross-section of nuclide 
production during spallation and σexp is experimentally measured cross-section 
of nuclide production during spallation. The average 〈𝐹〉 values for a tungsten 
target for different proton energies are given in Fig. 9 of Reference [30]. If 〈𝐹〉 is 
equal to 1 it means total agreement between the code prediction and 
experimental data. The deviation of the calculations from the experimental data 
was from 50% to 800%. Such deviations significantly exceed the accuracy of 
30% required by authors as a reasonable value for practical applications. The 
discrepancies were particularly large at low proton energies. At the time of 
publication (2011), the CEM03.02 (as developed during 2004-2006) and the 
INCL4.5+ABLA07 (as developed during 2008-2009) codes were considered as 
the most accurate. The main conclusion from these papers is that all intra-
nuclear cascade codes should be further developed [31]. 

In a PhD thesis from 2013, Shetty calculated the radionuclide inventory in the 
spallation target and other components of a conceptual spallation source 
designated to transmutation experiments [46]. Geant4 was used in the 
simulations. A spallation source with 600 MeV energy protons impinging on a 
tungsten spallation target was modeled. Nuclides contributing most to the 
activity at shutdown were found to be 172Hf, 173Lu, 174Lu and 179Ta. 148Gd is 
mentioned as the nuclide significantly contributing to the dose in case of 
inhalation. Other significant alpha emitters were found to be 146Sm and 154Dy. 
Experimental analysis was not presented in the publication. 
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A publication by Findlay et al. (published in 2017) [47] presents Monte Carlo 
calculations and gamma-ray spectrometry measurements made for a highly 
irradiated tungsten target from a proton-driven spallation neutron source (ISIS in 
the UK). In an irradiated proton-driven spallation neutron target, activities of 
60Co and 172Lu from a Monte Carlo inventory calculation, fall within uncertainty 
regions of activities deduced from gamma-ray spectroscopy through the walls of 
a transport cask. 

3.2. Radionuclide assessment of the 
ESS spallation target 

A number of computational studies have been performed either by ESS or by 
academic institutions to predict the radionuclide composition of the tungsten 
target. The ESS organization itself has not performed its own direct 
experimental studies related to evaluation the radionuclide composition of 
irradiated tungsten targets, however some experimental data is available from 
the other sources.  

In a report published in 2012, Leprince et al. [40] performed INCL4.6-Abla07 
MCNPX calculations in a quite detailed ESS geometry (see Fig. 5 of Reference 
[40]) using Cinder90. The total activity of the target after 5 years of operation 
was found to be 4.03∙1017 Bq and major contributors were 187W (31 %), 183mW 
(24.1 %), 185W (15.8 %), 181W (3 %) and 178Ta (1 %). The total activity after 5 
years of operation and a shut-down of 9 years was found to be 8.95∙1014 Bq. The 
list of contributors to the total activity is greatly reduced in this case due to 
decay of short-lived radionuclides: 3H is the main one with 76.4 % contribution 
to total activity. No experimental verification and no uncertainties are given in 
the paper.  

The work carried out by ESS (2013) [48] has relied on two methodologies. Both 
approaches are discussed in the publications by Leprince et al. [40] and 
Titarenko et al. [31] already mentioned above. The first used spallation model, 
INCL4.6-Abla07, and the second relied on an experimental evaluation of 
nuclear cross section data for p+W reactions at energies up to 3 GeV. The first 
type of validation involves the use of elementary nuclide production cross-
sections and the second relies on nuclide production yields in a thick target. The 
most important contributors to the total activity according to the ESS 
calculations are shown in Table 3 [48]. The fractional activity of the 
radionuclides from beryllium reflector was calculated in this publication as well 
[48]. Precise values for activity are not given, but the total activity generated in 
beryllium reflector is approximately two orders of magnitude lower than in the 
target after five years of irradiation. 
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Table 3: Fractional contributions (in %) of the most important nuclides to the total activity of the 
target wheel requiring disposal, as a function of decay time after 5 years of irradiation [48]. 

Nuclide Decay time (years) 
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3H 83.4 96.4 72 0 0 0 
14C 0 0 0 0.3 0.6 0 
36Cl 0 0 0 0 0 0.7 
39Ar 0 0 0.1 0.7 0 0 
59Ni 0 0 0 0 0.2 1.3 
79Se 0 0 0 0.1 0.8 2.2 
81Kr 0 0 0 0.1 0.9 12.3 
91Nb 0 0.1 1.6 31.6 0 0 
93mNb 0 0 0.3 12.6 14.9 0.3 
94Nb 0 0 0 0.2 0.8 0.7 
97Tc 0 0 0 0 0.2 4 
99Tc 0 0 0 0 0.2 2.7 
137La 0 0 0 1.4 8.7 57.6 
148Gd 0.2 0.9 11.6 0.1 0 0 
150Gd 0 0 0 0 0.3 5.6 
154Dy 0 0 0 0 0.2 4.3 
157Tb 0.1 0.6 9.3 7.2 0 0 
163Ho 0 0 0.7 29.7 53.4 0 

Some considerations regarding the ESS target composition, without detailed 
description or justification, are given in a paper by Aguilar et al. (published in 
2017) [11]. It was estimated, that the use of a 2.5 mA proton beam would yield 
an activity of about 4.67×1016 Bq after a very long irradiation period. The main 
radionuclides contributing to residual heat in the target wheel were identified for 
different cooling periods (187W, 185W, 183mW and 176Ta contribute most after 
shutdown, while 185Lu, 172Lu and 182Ta are the main radionuclides contributing 
to residual heat 10 days after shutdown). 

In a recent paper (published in 2018) by Kókai et al. [39] different spallation 
target materials are discussed in the light of the final disposal of the future ESS 
target, including lead-bismuth, mercury and tungsten. Based on a waste index, 
the tungsten target was found to be the best alternative. The dimensionless waste 
index is defined using following equation: 

௖೔𝑊𝐼 ൌ ∑   (3)  ௡
௜ୀଵ ஼௅ 

ci denotes activity concentration in Bq/g, and n is the total number of detectable 
radioisotopes present in the waste stream. CL is the clearance level associated 
with the negligible dose and is defined as: 

𝐶𝐿 ൌ 
ଵ଴ µௌ௩/௬௘௔௥

  (4)  
ௌ஽஼ 

where SDC is the specific dose consequence in units of (µSv/year)/(Bq/g) for a 
radionuclide for each exposure route. 

The modeled tungsten composition in [39] contained impurities before the start 
of operation, which are specified in the paper (e.g. C, O, Mg, Ca, Fe, Mo). The 
radionuclide inventory was calculated with MCNPX2.7 using ENDF/B-VII 
cross-section libraries coupled with Cinder90. Intra-nuclear cascade (INC) 
models: BERTINI, INCL4.2 and ISABEL were applied. The CEM02 model 
contained both steps of spallation (INC and evaporation). Kókai et al. [33] found 
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that after 5 years of irradiation and 10 years of cooling the activity 
concentrations (excluding tritium) obtained with BERTINI-ABLA and 
INCL4.2-ABLA showed the maximal (most conservative) values. The CEM02 
model gave the most conservative estimate for tritium. The authors do not 
conclude which model is the most accurate, as experimental results are not 
presented in the paper. Clearance levels and waste indexes of radionuclides for 
the tungsten target were calculated. In the case of the tungsten target the overall 
score was represented by the summarized waste index after a 10-year cooling 
period --- it was 3.45x107 for 2 GeV protons (this value is 2 times lower than the 
one for mercury and 82 times lower than for lead-bismuth target). Using 1.33 
GeV proton energy results in a 40 % lower waste index. It means that from the 
radiotoxicity point of view, tungsten target is the best option when comparing it 
with mercury or lead-bismuth targets. 

In another recent report (published in 2018), Mora et al. [49] describe the details 
concerning the generation and accumulation of radionuclides produced by 
spallation reactions within the tungsten target to be installed at ESS. MCNPX/6 
was used for modeling. The selection of the CEM03 model was favored since it 
has been shown to yield a more complete production spectrum than other 
models such as BERTINI and is also known to provide more accurate estimates 
for helium and hydrogen gas production than other computational schemes such 
as INCL. CEM03 is significantly computationally more efficient than INCL at 
the expense of some underestimation of the production of light isotopes having 
masses within 6 and 35. The ACAB code was used to carry out neutron 
activation and transmutation calculations. All calculations were carried out 
assuming an incident proton beam with kinetic energy of 2 GeV and 2.5 mA of 
average proton current. Dominant activity at shutdown resulted from 187W, 
185W, 181W and 178Ta. The total activity of the target was found to be 2.19×1017 

Bq after 5 years of irradiation. A long time after shutdown, the activity would be 
dominated by 179Ta, 172Lu and 172Hf with significant contributions from tritium 
and other isotopes such as 60Co and 90Sr becoming more relevant. The calculated 
inventory showed that a number of very long-lived isotopes such as 163Ho, 
148Gd, 157Tb, 101Rh, 91Nb and 63Ni will contribute to the inventory well beyond 
five years after shutdown. The spatial distribution along the target elements was 
evaluated. 

The main results found in the traces of the publicly available ESS reports are 
presented in the ESS Preliminary waste management plan [50, 51] (reports from 
year 2012 and 2017, respectively), and one publication from year 2015 focuses 
on tritium issues [52]. In the latter report, Ene et al.  found that the the total 
inventory of 3H accumulated in the target within one year of operation was 
6.13∙1014 Bq [52]. The whole 3H inventory in the target, at the end of its lifetime 
was evaluated to be 3.2∙1015 Bq [52]. 100 kg of tritiated water per year with an 
activity approaching 600 TBq (6 GBq/ml) will be generated in the helium 
purification system. The steady state tritium activity in the helium will be under 
200 GBq [48]. 
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3.3. Radiotoxicity of nuclides 
produced in spallation sources 

Some research papers are dedicated to radioxicity and dose evaluation. Because 
our aim is to identify most important radionuclides, these publications are also 
reviewed. 

Toxicity analysis of radionuclides accumulated in different spallation targets, 
reveals an important role of alpha-emitting rare earths 146Sm, 148Gd, 150Gd and 
154Dy – this is a main outcome of a paper by Stankovsky et al. from year 2001 
[53]. According to the paper, rare earth alpha-emitters 148Gd, 150Gd and 154Dy 
contribute to 90% to the total radiotoxicity generated in a tungsten target. 

A paper by Moritz et al. (published in 2001) [15] provides a well summarized 
methodology to evaluate radiation, activation and radioactive effluents to the 
environment, applicable to a low-energy (up to 1 GeV) proton accelerator. The 
method for dose calculation is described in Fig. 13 of Reference [15]. 
Methodology consists of dose evaluation using transfer coefficients from source 
to atmosphere and surface water, further other transfer coefficients are applied to 
evaluate radionuclide accumulation in soil, plants and animals. Various 
pathways of an exposure (external exposure, ingestion and inhalation) are 
included when evaluating total dose for person. 

In the ESS document “Technical Design report” (published in year 2013), the 
most radiotoxic nuclide in the facility was anticipated to be 148Gd [48]. Analysis 
of estimated annual dose rate contribution from routine releases to air during 
normal operation shows that 125I will be the main contributor for the dose to the 
reference person 660 m away from the facility. Regarding accident scenarios, in 
case of 0.05% combined volatiles (which cover tritium, iodine isotopes and 
121Xe) releases, 125I and 3H are the main contributors to the dose. Other accident 
scenarios were not presented in the report. Ventilation of the linac tunnel is 
considered to become the only possible source of immediate, continuous release 
of activity. The design of the ventilation system, and its performance in 
mitigating radioactive releases, has not yet been optimized, according to authors 
[48]. 

A dose coefficient of 5.82∙10-21 Sv/Bq release of 3H was derived 660 m away 
from the ESS release point [52]. The source term of tritium was evaluated taking 
into account on-line emissions, and emissions resulting from processing. During 
normal operation source term of tritium was estimated to be 6.00∙1012 Bq/year, 
while possible release because of design basis accident may reach 3.2∙1015 Bq 
[52]. One publication (from year 2015) is dedicated to tritium migration inside 
the spallation target [54]. 
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3.4. Experience from linacs 

General principles and examples of analysis of radiological safety in operation 
of proton accelerators are given in an IAEA report by Thomas and Stevenson 
from year 1988 [14]. In this comprehensive report, a historical context of 
accelerator development is presented as well as prompt radiation, induced 
radiation, shielding problems and environmental impact of accelerators. 
Regarding the induced activity and the activity released to the environment, this 
report proposes that it is reasonable to study radionuclides with half-lives longer 
than 10 hours. 

The greater part of the radioactivity induced in the soil is confined to regions of 
high radiation intensity and is typically confined to a few locations close to the 
accelerator. 95 % of the activity induced in the ground is produced within 2 m 
from the outer wall of the accelerator tunnel of a proton synchrotron [14]. Of all 
the radionuclides produced in the soil and groundwater, it is likely that only 
tritium will move freely in groundwater, without significant holdup due to 
absorption on rock surfaces. Thomas and Stevenson [14] state that tritium may 
be the radionuclide that should be most carefully studied in groundwater around 
accelerators. A model for evaluation of contamination of drinking water is 
proposed in the report. The conclusion of a crude evaluation is that the 
magnitude of radioactive contamination of drinking water supplies will be 
extremely small. Regarding air contamination, the radionuclides of significance 
for environmental contamination are 3H, 7Be, and perhaps 11C, 13N and 15O. The 
isotopes 7Be, 24Na, 28Mg, 31Si, 32P, and 33P were identified in the ventilation air 
around an extracted beam by flow ionization chambers and gamma spectroscopy 
on filters. 

In a report published in 2000, Fasso et al. analyze radionuclides in accelerator 
stainless steel components using both experimental and modeling techniques 
[55]. Long-lived radionuclides identified using gamma spectrometry included: 
48V, 51Cr, 52Mn, 54Mn, 56Ni, 57Ni, 56Co, 57Co, 58Co, 60Co, 88Y, 92mNb, 95Nb and 
99Mo, and in copper components: 51Cr, 54Mn, 56Co, 57Co, 58Co, 60Co, 65Zn, 72Se, 
75Se, 74As and 120Sb. 

A comparison between predicted and measured soil activation, performed by 
Odano et al. [56] for accelerator of Spallation Neutron Source in Oak Ridge 
National laboratory, US, revealed an agreement between calculated and 
measured residual soil activation within a factor of from one to three for most of 
the studied radionuclides. A distribution of radionuclides in the berm is clearly 
seen, and 85 % of the activation is contained within the first meter of soil 
surrounding the tunnel concrete wall [56]. Other soil experimental study is 
presented by Miura et al. in 2003 [57]. 3H, 7Be, 22Na, 46Sc, 54Mn, 60Co, 134Cs, 
152Eu and 154Eu were observed in the soil samples. 3H, 22Na and 54Mn, which 
leached from the soil, were found in the groundwater below the proton beam 
line. 

A brief analysis for the J-PARC accelerator radiation safety design using 
PHITS, MARS and MCNPX codes for transport calculations is presented in a 
report by Nakashima et al. (published in 2005) [58]. This report gives a 
summarized approach of how radiation protection analysis for a large facility 
should be performed. The calculation flow for radiation and activity analysis for 
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J-PARC is given in Fig. 1 of Reference [58] .The prompt radiation and 
activation products are included in this analysis (activation evaluation of air, 
water and other devices is also performed). 

In a report from 2005, Oishi et al. present measurements and analysis work 
performed at KENS neutron spallation facility in Japan [48]. Induced activities 
of concrete samples were measured in the large concrete assembly irradiated by 
high-energy neutrons emitted from the tungsten target bombarded with 500 
MeV protons. For the nuclides that were produced by spallation reactions, a 
large disagreement, up to two orders of magnitude, was observed (NMTC/JAM 
code was used for calculations). Good agreement within factors of 2 were 
obtained for the nuclides that were not mainly produced by the spallation 
reactions: 24Na, 47Sc, 47Ca and 54Mn. While for other nuclides differences up to 
the factor of 5 were found (42K, 43K, 51Cr and 22Na). 

 In a report by Mauro (published in 2009) [16] radiation protection studies of 
linacs in CERN are performed, mainly using the FLUKA code. The main 
radionuclides in concrete were specified in a PhD thesis by La Torre from year 
2014 [17]. Also experimental analysis of soil, soil-water mixture and metal foil 
samples was performed and comparison with results predicted by FLUKA was 
performed. Experimental values were estimated to be in a good agreement with 
FLUKA predicted values (differences between experimental and modeled values 
for investigated radionuclides did not exceed 65%).  Blaha et al. (2014) [18] 
carried out FLUKA simulations using a detailed geometrical model of the 
accelerator to predict the induced radioactivity in LINAC4 (CERN) after several 
years of operation and for various decay times. This publication covers wide 
variety of relevant radionuclides in the accelerator components, as well as 
computational prediction of releases. 

A paper by Otiougova et al. (published in 2017) presents work performed at PSI 
in Switzerland [59]. MCNPX2.7.0 was used for transport problems and 
FISPACT10 code was used to determine the radionuclide inventory as well as 
the specific activity of the nuclides for part of the PSI accelerator facility [59]. 
The radionuclide inventory for steel and concrete was evaluated. Measured 
specific activities in the concrete sample was compared to modeling data. 
Simulated values for the main nuclides 60Co, 152Eu, 154Eu exceeded the 
measured ones by a factor of 3 to 4. 
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3.5. Radionuclide assessment of the 
linac of ESS 

Radiation protection studies for ESS superconducting linear accelerator design 
are presented by Ene et al. in 2011 [60]. A total activation value of 5.2x107 

Bqꞏcm-3 (calculated using PHITS and MCNPX codes) coming from the 
accelerator structure at after 40 years of operation and one-hour decay time is 
estimated to be due to 64,62,61,65Cu radionuclides while at long decay times 59Fe, 
60Co, 3H and 63Ni dominate. The main contributor at short times is 64Cu 
produced from thermal neutron capture in 63Cu (high activation cross section of 
4.5 barn). The 37Ar isotope issuing from Ca activation dominates the concrete 
activity until 6 months while for longer decay time 3H and further 238U together 
with its ascendants make up majority of activity value. 7Be and 3H are produced 
by spallation reactions while 41Ar by thermal neutron capture in the natural 
argon. Activity concentration for the first 100 cm of soil surrounding the 
concrete wall after 40 years of continuous operation is calculated and presented. 

A paper by Bungau et al. (2014) [61] presents activation studies of the magnets 
and collimators in the High Energy Beam Transport (HEBT) line of ESS due to 
backscattered neutrons from the target and also due to direct proton interactions 
and their secondaries. An estimate of the radionuclide inventory and induced 
activation are predicted using the GEANT4 code. The radionuclide production 
rate per proton is given in the paper for HEBT components. An interesting part 
about this paper is it reports some actinides (Am), which were not found in other 
presentations We assume that uranium impurities were included in the initial 
material composition, although it is not entirely clear from the report. 

A soil activation study by Rakhno et al. from year 2018 [62] addresses 
distributions of activity of radionuclides produced in the soil around the ESS 
accelerator tunnel wall after one year and after forty years of normal operation. 
Spatial migration of the produced radionuclides is not considered. The list of 
eleven most important comprises the following nuclides: 3H, 7Be, 22Na, 24Na, 
32P, 35S, 45Ca, 46Sc, 54Mn, 55Fe, 65Zn. 

3.6. ESS reports 

There are a number of reports prepared by ESS, which evaluate the 
radionuclides which may be produced during operation. The most relevant for 
this purpose seems to be “Source term to the environment from the Target 
Station” [63]. This report presents annual production and releases of 
radionuclides during normal operation. This report was used as a source making 
the radionuclide list in Appendix A. 

Predicted radionuclide activities of major ESS components are given in the 
report “Preliminary safety analysis report” (from 2012) [64]. The activities are 
given for radionuclides which half-lives are longer than 10 seconds. Mostly 
short lifetime nuclides were analyzed in the report “Production and Release of 
Airborne Radionuclides from ESS Linac Tunnel” (from 2013) [65]. In a report 
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by Ene (from 2015) the radiological impact of the ESS facility on members of 
the public was assessed and it was demonstrated that the ESS safety objective of 
not more than 50 μSv/y for personnel during normal operation is met [66]. 
During this analysis possible radionuclide releases during normal operation were 
also considered. ESS has estimated the source term for different pathways: 
radioactivity production and release from the linear accelerator, target, waste 
treatment facility as well as resulting doses from normal operation and 
maintenance activities. 
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4. Conclusions 
Available data on radionuclides which may potentially be produced in ESS 
during operation was gathered from scientific publications as well as from ESS 
reports. This information is based on both modeling and experimental analysis. 
The radionuclides analyzed were limited to larger than 10-hour half-life, as this 
is most relevant half-life for the releases related with normal operation and 
minor accidents. The short-lived radionuclides were not analyzed. 234 relevant 
radionuclides were found in the publications. The list of long-lived 
radionuclides is given in Appendix A. The concentrations of the radionuclides 
produced were not evaluated. The effective dose coefficients of the 
radionuclides were gathered in order to have the possibility to sort radionuclides 
according their toxicity. Information provided in this report may be used as basis 
for identifying the most important and the most toxic radionuclides. The main 
conclusions from the review of the available literature are: 

 Several different spallation reaction models exist, but deviation of the 
calculations from the experimental data shows that none of them is 
significantly more precise in predicting inventory from tungsten 
spallation target. According to the publication by Titarenko et al. [30] 
the INCL4.5+ABLA07 model gives the best predicted result for 
tungsten as target material. 

 Experimental data from tungsten spallation targets composition studies 
exists, but it is limited, and more experimental data is needed to verify 
existing calculations. Additionally, theoretical spallation models have to 
be further developed, taking experimental data into account. 

 Spallation target composition modeling publications predict 
radionuclides of highest activity in the target after different cooling 
times. This information is extremely important when selecting which 
radionuclides should be emphasized during the most severe accident 
conditions, target-wheel replacement and maintenance activities. 

 The induced radioactivity in linear accelerator is a well-known 
phenomenon, described in a number of publications. Radionuclides 
produced in air, structural elements and soil are known and listed in 
those publications. No unique or very rare radionuclides should be 
generated in the accelerator structures. 

 The radionuclides with the highest inhalation and ingestion dose 
coefficients are the alpha emitters: 241, 243Am, 228Th, 150, 148Gd, 146Sm, 
and 154Dy. Other radionuclides with high dose coefficients include 129, 

126, 131, 125I and 137, 134Cs as well as 210Pb, 60Fe, 178mHf, 90Sr, 44Ti 
and166mHo. For most alpha emitters, inhalation dose coefficients are 
higher than the ingestion ones.  

 Production of actinides should be analyzed in more detail since their 
role is not clear from the existing publications. 

Further tasks in this project should be independent modeling for target 
composition and quantitative comparison of concentrations obtained by other 
authors and suggestion of analytical methods to measure activities of the 
radionuclides with highest dose coefficients.  
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Appendix A 

Nuclide A Z Half-life Decay 

Effective 
dose 

coefficients 
(e) for 

ingestion of
radionuclides 
for members 
of the public. 

Adults. 
(Sv/Bq) [1] 

Effective 
dose 

coefficients 
(e) for 

inhalation of 
radionuclides 
for members 
of the public. 

Adults. 
(Sv/Bq) [1] 

Source 
ESS 
ref 

H3 3 1 12.32 years beta- 1.8E-11 2.6E-10 
[2], [3], [4], 
[5], [6], [7], 

[8], [9] 
[10] 

Be7 7 4 53.12 days EC, gamma 2.8E-11 5.5E-11 

[2], [11] , 
[4], [12], 

[8], [9], [13] 
, [14] 

[10] 

Be10 10 4 1.39e6 years beta- 1.1E-09 3.5E-08 
[2], [3] , 
[13] , [4] 

[10] 

C14 14 6 5730 years beta- 5.8E-10 5.8E-09 
[2] , [3] , 
[13] , [4] 

[10] 

Na22 22 11 2.6 years beta+ 3.2E-09 1.3E-09 

[11], [15] , 
[3] , [4] , [5] 
, [6],  [7] , 
[8] , [9] , 

[13] , [14] 

[10] 

Na24 24 11 15 hours 
beta-, 

gamma 
4.3E-10 2.7E-10 [11] , [8] [10] 

Al26 26 13 7.17e5 years 
beta+, EC, 

gamma 
3.5E-09 2.0E-08 [3] , [13] 

P32 32 15 14.28 days beta- 2.4E-09 3.4E-09 [4] , [8] [10] 

P33 33 15 25.3 days Beta- 2.4E-10 1.5E-09 [4] [10] 

S35 35 16 87.3 days Beta- 7.7E-10 1.9E-09 [8] , [4] [10] 

Cl36 36 17 3e5 years beta-, EC 9.3E-10 7.3E-09 [2] , [3] [10] 

Ar37 37 18 35 days EC 4.1E-15 [10] 

Ar39 39 18 269 years beta- 1.1E-11 [13] [10] 

K40 40 19 1.25e9 years beta-, EC 6.2E-09 2.1E-09 [3] [10] 

K42 42 19 12.36 hours beta- 4.3E-10 1.2E-10 [11] [10] 

K43 43 19 22.3 hours beta- 2.5E-10 1.4E-10 [11] , [4] [10] 

Ca41 41 20 1e5 years EC 1.9E-10 1.8E-10 [3] [10] 

Ca45 45 20 162.7 days beta- 7.1E-10 3.7E-09 
[15] , [4] , 

[8] 
[10] 

Ca47 47 20 4.5 days 
beta-, 

gamma 
1.6E-09 2.1E-09 [4] [10] 

Ti44 44 22 63 years EC, gamma 5.8E-09 1.2E-07 
[5] , [7] , 

[12] 

Sc44m 44 21 58.6 hours 
IC, gamma, 

EC 
2.4E-09 1.4E-09 [11] , [5] [10] 

Sc46 46 21 83.8 days 
beta-, 

gamma 
1.5E-09 6.8E-09 

[11] , [15] , 
[4] , [12] , 
[8] , [9] , 

[14] 

[10] 

Sc47 47 21 80.4 hours 
beta-, 

gamma 
5.4E-10 7.3E-10 [11] , [4] [10] 

Sc48 48 21 43.7 hours 
beta-, 

gamma 
1.7E-09 1.1E-09 [11] [10] 

V48 48 23 16 days beta+ 2.0E-09 2.4E-09 
[11] , [4], 

[14] 
[10] 

V49 49 23 330 days EC 1.8E-11 3.4E-11 [5] , [6] [10] 

Cr51 51 24 27.7 days EC, gamma 3.8E-11 3.7E-11 
[11] , [4] , 
[5] , [12] , 
[8] , [14] 

[10] 

Mn52 52 25 5.6 days 
EC, beta+, 

gamma 
1.8E-09 1.4E-09 [11] , [5] [10] 

Mn53 53 25 3.7e6 years EC 3.0E-11 5.4E-11 [3] [10] 
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Mn54 54 25 312 days EC, gamma 
7.1E-10 

1.5E-09 

[2] , [11] , 
[15] , [3] , 
[4] , [5] , 

[12] , [8] , 
[9] , [14] 

[10] 

Fe55 55 26 2.73 years EC 3.3E-10 1.8E-10 
[2] , [11], , 
[3] , [4] , 

[5], [6] , [8] 
[10] 

Fe59 59 26 44.6 days 
beta-, 

gamma 
1.8E-09 4.0E-09 

[2] , [11] , 
[4] , [12] 

[10] 

Fe60 60 26 2.6e6 years Beta- 1.1E-07 2.8E-07 [13] 

Co56 56 27 77.3 days EC 2.5E-09 6.7E-09 
[11] , [12] , 

[14] 
[10] 

Co57 57 27 272 days EC 2.1E-10 1.0E-09 
[11] , [5] , 
[12] , [14] 

[10] 

Co58 58 27 70.9 days EC 7.4E-10 2.1E-09 
[11] , [4] , 
[5] , [12] , 

[14] 
[10] 

Co60 60 27 5.3 years 
beta-, 

gamma 
3.4E-09 3.1E-08 

[11], [15] , 
[4] , [5] , [6] 
, [7] , [12] , 

[8] , [9] , 
[13] , [14] 

[10] 

Ni56 56 28 6 days 
Beta+, 
gamma 

8.6E-10 1.0E-09 [14] [10] 

Ni57 57 28 35.6 hours 
beta+, 
gamma 

8.7E-10 5.3E-10 [11] [10] 

Ni59 59 28 7.6e4 years EC 6.3E-11 4.4E-10 [2] [10] 

Ni63 63 28 100 years beta- 1.5E-10 1.3E-09 
[5] , [6] , [8] 

, [13] 
[10] 

Ni66 66 28 54.6 hours Beta- 3.0E-09 1.8E-09 [10] 

Cu67 67 29 61.8 hours Beta- 3.4E-10 6.1E-10 [10] 

Zn65 65 30 244 days EC, gamma 3.9E-09 2.2E-09 
[11] , [6] , 
[12] , [8] 

[10] 

Zn72 72 30 46.5 hours Beta- 1.4E-09 1.3E-09 [10] 

Ga67 67 31 3.3 days EC, gamma 1.9E-10 2.4E-10 [10] 

Ge68 68 32 271 days EC 1.0E-10 1.4E-08 [10] 

Ge69 69 32 39 hours 
Beta+, 
gamma 

2.4E-10 2.9E-10 [10] 

Ge71 71 32 11.3 days EC 1.2E-11 1.1E-11 [10] 

As71 71 33 65.3 hours 
Beta+, 
gamma 

4.6E-10 4.0E-10 [10] 

As72 72 33 26 hours 
Beta+, 
gamma 

1.8E-09 9.0E-10 [10] 

As73 73 33 80.3 days EC, gamma 2.6E-10 1.0E-09 [10] 

As74 74 33 17.8 days 
EC, gamma, 
beta+, beta-

1.3E-09 2.1E-09 [10] 

As76 76 33 1.1 days 
Beta-, 

gamma 
1.6E-09 7.4E-10 [10] 

As77 77 33 38 hours Beta- 4.0E-10 3.9E-10 [10] 

Se72 72 34 8.4 days EC, gamma [10] 

Se75 75 34 120 days EC, gamma 2.6E-09 1.3E-09 [12] [10] 

Se79 79 34 3.3e5 years beta- 2.9E-09 6.8E-09 [2] , [13] [10] 

Br82 82 35 35.2 hours Beta- 5.4E-10 6.3E-10 [10] 

Kr79 79 36 35 hours 
Beta+, 
gamma 

 9.7E-10 [10] 

Kr81 81 36 2.3e5 years EC, gamma 2.1E-11 [13] [10] 

Kr85 85 36 11 years beta- 2.2E-11 
[2] , [5] , [6] 

, [13] 
[10] 

Rb83 83 37 86.2 days EC, gamma 1.9E-09 6.9E-10 [10] 

Rb84 84 37 33 days 
EC, beta+, 

beta-, 
gamma 

2.8E-09 1.0E-09 [12] [10] 

Rb86 86 37 18.7 days 
Beta-, 

gamma 
2.8E-09 9.3E-10 [10] 

Sr82 82 38 25.4 days EC 6.1E-09 8.9E-09 [10] 

Sr83 83 38 1.4 days 
EC, beta+, 

gamma 
4.9E-10 1.1E-08 [10] 
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Sr85 85 38 65 days EC, gamma 5.6E-10 8.1E-10 [12] [10] 

Sr90 90 38 28.9 years beta- 2.8E-08 1.6E-07 
[5] , [6] , [7] 

, [13] 
[10] 

Y87 87 39 3.4 days EC, gamma 5.5E-10 3.9E-10 [10] 

Y88 88 39 107 days EC, gamma 1.3E-09 4.4E-09 [12] [10] 

Y90 90 39 2.7 days beta- 2.7E-09 1.5E-09 [6] [10] 

Y91 91 39 58.5 days Beta- 2.4E-09 8.9E-09 [10] 

Zr93 93 40 1.5e6 years Beta- 1.1E-09 2.5E-08 [13] [10] 

Zr95 95 40 64 days 
Beta-, 

gamma 
9.5E-10 5.9E-09 [12] [10] 

Nb90 90 41 14.6 hours 
Beta+, 
gamma 

1.2E-09 6.6E-10 [10] 

Nb91 
[16] 

91 41 680 years EC 4.2E-11 1.1E-09 
[2] , [6] , 

[13] 
[10] 

Nb92 
[16] 

92 41 10 days EC, gamma 9.7E-10 2.5E-08 [10] 

Nb93m 93 41 16 years IC 1.2E-10 1.8E-09 
[2] , [6] , 

[13] 

Nb94 94 41 20.3e3 years 
beta-, 

gamma 
1.7E-09 4.9E-08 

[2] , [12] , 
[13] 

[10] 

Nb95 95 41 35 days 
Beta-, 

gamma 
5.8E-10 1.8E-09 [12] [10] 

Mo93 93 42 4000 years EC 3.1E-09 2.3E-09 [13] [10] 

Mo99 93 42 66 years 
Beta-, 

gamma 
6.0E-10 9.9E-10 [10] 

Tc96 96 43 4.3 days EC, gamma 1.1E-09 7.0E-10 [10] 

Tc97 97 43 4.2e6 years EC 6.8E-11 1.8E-09 [2] , [13] [10] 

Tc99 99 43 2.1e5 years beta- 6.4E-10 1.3E-08 
[2], [17] , 

[13] 
[10] 

Ru97 97 44 2.9 days EC, gamma 1.5E-10 1.1E-10 [10] 

Ru103 103 44 39.3 days 
Beta-, 

gamma 
7.3E-10 3.0E-09 [10] 

Ru106 106 44 374 days Beta- 7.0E-09 6.6E-08 [12] [10] 

Rh99 99 45 16.1 days EC, gamma 5.1E-10 8.7E-10 [10] 

Rh101 101 45 3.3 years EC, gamma 5.5E-10 2.3E-09 
[5], [6], [7] , 

[13] 
[10] 

Rh102 102 45 207 days 
EC, beta+, 

beta-, 
gamma 

2.6E-09 1.7E-08 [6] [10] 

Rh102m 102 45 3.7 years EC, gamma 1.2E-09 7.1E-09 [10] 

Rh105 105 45 35.4 hours 
Beta-, 

gamma 
3.7E-10 3.5E-10 [10] 

Pd100 100 46 3.6 days EC, gamma 9.4E-10 8.5E-10 [10] 

Pd103 103 46 17 days EC 1.9E-10 3.8E-10 [10] 

Pd107 107 46 6.5e6 years Beta- 3.7E-11 5.9E-10 [13] [10] 

Ag105 105 47 41.2 days EC, gamma 4.7E-10 8.1E-10 [10] 

Ag110m 110m 47 250 days 
Beta-, 

gamma 
2.8E-09 1.2E-08 [10] 

Ag111 111 47 7.5 days Beta- 1.3E-09 1.7E-09 [10] 

Cd109 109 48 462 days EC 2.0E-09 8.1E-09 [12] [10] 

Cd115 115 48 53.5 hours Beta- 1.4E-09 1.1E-09 [10] 

Cd115m 115 48 44.6 days Beta- 3.3E-09 7.7E-09 [10] 

In111 111 49 2.8 days EC 2.9E-10 2.3E-10 [12] [10] 

In114m 114 49 49.5 days IC, gamma 4.1E-09 9.3E-09 [10] 

Sn113 113 50 115 days EC 7.3E-10 2.7E-09 [12] [10] 

Sn117m 117 50 13.8 days IC 7.1E-10 2.4E-09 [10] 

Sn119m 119 50 293 days IC 3.4E-10 2.2E-09 [10] 

Sn121 121 50 27 hours Beta- 2.3E-10 2.3E-10 [10] 
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Sn125 125 50 9.6 days 
Beta-, 

gamma 
3.1E-09 3.1E-09 [12] 

Sb120m 120 51 5.7 days EC, gamma 1.2E-09 1.1E-09 [10] 

Sb122 122 51 2.7 days 
Beta-, 

gamma 
1.7E-09 1.1E-09 [10] 

Sb124 124 51 60 days 
Beta-, 

gamma 
2.5E-09 8.6E-09 [12] [10] 

Sb125 125 51 2.7 years 
Beta-, 

gamma 
1.1E-09 1.2E-08 [12] [10] 

Sb126 126 51 12.4 days 
Beta-, 

gamma 
2.4E-09 3.2E-09 [10] 

Sb127 127 51 3.9 days 
Beta-, 

gamma 
1.7E-09 1.9E-09 [10] 

Te118 
[16] 

118 52 6 days EC 2.8E-09 2.3E-09 [10] 

Te119m 
[16] 

119 52 4.7 days EC, gamma 6.7E-10 6.8E-10 [10] 

Te121 121 52 16.8 days EC, gamma 4.3E-10 4.1E-10 [10] 

Te121m 121 52 154 days IC 2.3E-09 5.7E-09 [10] 

Te123m 123 52 119 days IC 1.4E-09 5.1E-09 [10] 

Te125m 125 52 57.4 days IC 8.7E-10 4.2E-09 [10] 

Te127m 127 52 109 days IC, beta- 2.3E-09 9.8E-09 [10] 

I125 125 53 59.4 days EC 1.5E-08 5.1E-09 [2] , [12] [10] 

I126 126 53 12.9 days 
Beta+, beta-, 

gamma 
2.9E-08 9.8E-09 [10] 

I129 129 53 1.6e7 years Beta- 1.1E-07 3.6E-08 [17] [10] 

I131 131 53 8 days 
Beta-, 

gamma 
2.2E-08 7.4E-09 [10] 

Xe127 127 54 36.3 days EC 9.7E-10 [15] [10] 

Cs129 129 55 32 hours EC, gamma 6.0E-11 7.7E-11 [10] 

Cs131 131 55 9.7 days EC 5.8E-11 4.7E-11 [10] 

Cs132 132 55 6.4 days 
Beta+, beta-, 

gamma 
5.0E-10 3.0E-10 [12] [10] 

Cs134 134 55 2.1 years 
EC, beta-, 

gamma 
1.9E-08 2.0E-08 

[15] , [6] , 
[12] , [9] , 

[14] 
[10] 

Cs136 136 55 13.2 days 
beta-, 

gamma 
3.0E-09 2.8E-09 [15] [10] 

Cs137 137 55 30.2 years 
beta-, 

gamma 
1.3E-08 3.9E-08 [15] , [12] [10] 

Ba128 128 56 2.4 days EC, gamma 2.7E-09 1.4E-09 [10] 

Ba131 131 56 11.5 days EC, gamma 4.5E-10 8.7E-10 [15], [14] [10] 

Ba133 133 56 10.5 years EC, gamma 1.5E-09 1.0E-08 
[15] , [5] , 
[6] , [7] , 

[12] 
[10] 

Ba135m 135 56 28.7 hours IC 4.3E-10 3.6E-10 [10] 

La137 137 57 6e4 years EC 8.1E-11 8.7E-09 [2] , [13] [10] 

La140 140 57 1.7 days 
Beta-, 

gamma 
2.0E-09 1.1E-09 [10] 

Ce134 134 58 3.2 days EC 2.5E-09 1.3E-09 [10] 

Ce137m 137 58 34.4 hours IC, beta+ 5.4E-10 4.4E-10 [10] 

Ce139 139 58 138 days EC, gamma 2.6E-10 1.9E-09 [12] [10] 

Ce141 141 58 32.5 days 
Beta-, 

gamma 
7.1E-10 3.8E-09 [12] [10] 

Nd140 140 60 3.4 days EC [10] 

Pm143 143 61 265 days EC, gamma 2.3E-10 1.5E-09 [5] , [6] [10] 

Pm144 144 61 363 days EC, gamma 9.7E-10 8.2E-09 [7] [10] 

Pm145 145 61 17.7 years EC 1.1E-10 3.6E-09 
[5] , [6] , [7] 

, [13] 
[10] 

Pm146 146 61 5.5 years EC, beta- 9.0E-10 2.1E-08 [7] , [13] [10] 

Pm147 147 61 2.6 years Beta- 2.6E-10 5.0E-09 [10] 
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Pm148 148 61 5.3 days 
Beta-, 

gamma 
2.7E-09 2.2E-09 [10] 

Pm148m 148 61 41.3 days Beta-, IC 1.7E-09 5.7E-09 [10] 

Pm149 149 61 53 hours Beta- 9.9E-10 7.3E-10 [10] 

Sm145 145 62 340 days EC 2.1E-10 1.6E-09 [5] , [6] [10] 

Sm146 146 62 6.8e7 years alpha 5.4E-08 1.1E-05 [17] , [13] [10] 

Sm151 151 62 89 years Beta- 9.8E-11 4.0E-09 [13] [10] 

Sm153 151 62 46.3 hours Beta- 7.4E-10 6.3E-10 [10] 

Eu145 145 63 5.9 days 
Beta+, 
gamma 

7.5E-10 5.5E-10 [10] 

Eu146 146 63 4.6 days 
beta+, 
gamma 

1.3E-09 8.0E-10 [6] [10] 

Eu147 147 63 24.1 days 
beta+, alpha, 

gamma 
4.4E-10 1.1E-09 [5] , [6] [10] 

Eu148 147 63 54.5 days 
Beta+, alpha, 

gamma 
1.3E-09 2.6E-09 [14] [10] 

Eu149 149 63 93.1 days EC 1.0E-10 2.9E-10 [6] [10] 

Eu150 150 63 36.9 years EC, gamma 1.3E-09 5.3E-08 [7] , [13] [10] 

Eu152 152 63 13.5 years 
EC, beta-, 

gamma 
1.4E-09 4.2E-08 

[15] , [5] , 
[7] , [12] , 
[9] , [14] 

[10] 

Eu154 154 63 8.6 years 
beta-, 

gamma 
2.0E-09 5.3E-08 

[15] , [5] , 
[7] , [12] , 
[9] , [13] 

[10] 

Gd146 146 64 48.3 days EC 9.6E-10 6.4E-09 [6] [10] 

Gd147 147 64 38.1 hours 
Beta+, 
gamma 

6.1E-10 4.0E-10 [10] 

Gd148 148 64 75 years alpha 5.6E-08 2.6E-05 
[2] , [5] , [6] 
, [7] , [17] , 

[13] 
[10] 

Gd149 149 64 9.3 days beta+, alpha 4.5E-10 7.3E-10 [6] [10] 

Gd150 
[16] 

150 64 1.8e6 years alpha 5.3E-08 2.9E-05 
[2] , [17] , 

[13] 
[10] 

Gd151 151 64 124 days EC, alpha 2.0E-10 8.6E-10 [10] 

Gd153 153 64 240 days EC, gamma 2.7E-10 2.1E-09 
[5] , [6] , 

[12] 
[10] 

Tb153 153 65 2.3 days 
Beta+, 
gamma 

2.5E-10 1.9E-10 [10] 

Tb155 155 65 5.3 days EC, gamma 2.1E-10 2.2E-10 [5] [10] 

Tb156 156 65 5.4 days EC, gamma 1.2E-09 1.2E-09 [10] 

Tb157 157 65 71 years EC 3.4E-11 1.2E-09 
[2], [5], [6] , 

[13] 
[10] 

Tb158 158 65 180 years 
EC, beta-, 

gamma 
1.1E-09 4.6E-08 

[5], [7] , 
[13] 

[10] 

Tb160 160 65 72 days 
Beta-, 

gamma 
1.6E-09 7.0E-09 [12] [10] 

Tb161 161 65 6.9 days Beta- 7.2E-10 1.3E-09 [12] 

Dy154 
[16] 

154 66 3e6 years Alpha 5.7E-08 1.1E-05 
[2] , [17] , 

[13] 
[10] 

Dy159 159 66 144 days EC 1.0E-10 3.7E-10 [10] 

Dy166 166 66 81.6 hours 
Beta-, 

gamma 
1.6E-09 1.9E-09 [10] 

Ho163 
[16] 

163 67 4570 years EC 6.8E-12 2.4E-10 
[2], [5], [6] , 

[13] 
[10] 

Ho166m 166 67 1.2 years 
Beta-, 

gamma 
1.6E-11 1.2E-07 [10] 

Er160 160 68 28.6 h EC [5] [10] 

Er169 169 68 9.4 days Beta- 3.7E-10 1.0E-09 [10] 

Tm165 
[16] 

165 69 30 hours 
beta+, 
gamma 

3.4E-10 3.0E-10 [5] , [6] [10] 

Tm167 167 69 9.3 days EC 5.6E-10 1.1E-09 [5] , [6] [10] 

Tm168 
[16] 

168 69 93.1 days 
Beta+, 
gamma 

1.0E-09 3.1E-09 [10] 

Tm170 170 69 129 days Beta- 1.3E-09 7.0E-09 [12] [10] 
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Tm171 171 69 1.9 years beta- 1.1E-10 1.4E-09 
[5] , [6] , 

[13] 
[10] 

Tm172 172 69 63.6 hours Beta- 1.7E-09 1.1E-09 [10] 

Yb166 166 70 56.7 hours EC, gamma 9.5E-10 7.7E-10 [5] , [6] [10] 

Yb169 169 70 32 days EC, gamma 7.1E-10 3.0E-09 
[5] , [6] , 

[12] 
[10] 

Yb175 175 70 4.2 days 
Beta-, 

gamma 
4.4E-10 7.3E-10 [10] 

Lu169 169 71 34 hours 
beta+, 
gamma 

4.6E-10 3.8E-10 [5] , [6] [10] 

Lu170 170 71 2 days EC 9.9E-10 6.6E-10 [5] , [6] [10] 

Lu171 171 71 8.2 days 
beta+, 
gamma 

6.7E-10 8.8E-10 [5] , [6] [10] 

Lu172 172 71 6.7 days 
beta+, 
gamma 

1.3E-09 1.6E-09 
[2] , [5] , [6] 

, [7] 
[10] 

Lu173 173 71 1.37 years EC, gamma 2.6E-10 2.4E-09 
[2] , [5] , [6] 
, [7] , [13] 

[10] 

Lu174 174 71 3.3 years EC 2.7E-10 4.2E-09 
[5] , [6] , [7] 

, [13] 
[10] 

Lu174m 174 71 142 days IC, EC 5.3E-10 4.2E-09 [10] 

Lu177 177 71 6.6 days 
Beta-, 

gamma 
5.3E-10 1.2E-09 [10] 

Lu177m 177 71 160 days Beta-, IC 1.7E-09 1.6E-08 [10] 

Hf172 172 72 1.9 years EC, gamma 1.0E-09 3.2E-08 
[2] , [5] , [6] 
, [7] , [12] , 

[13] 
[10] 

Hf173 173 72 24 hours 
Beta+, 
gamma 

2.3E-10 1.6E-10 [5] , [6] [10] 

Hf175 175 72 70 days EC, gamma 4.1E-10 1.2E-09 [2] , [5] , [6] [10] 

Hf178m 178 72 31 years gamma 4.7E-09 2.6E-07 [6] [10] 

Hf181 181 72 42.4 days 
Beta-, 

gamma 
1.1E-09 5.0E-09 [10] 

Ta177 177 73 56.6 hours EC 1.1E-10 1.1E-10 [5] , [6] [10] 

Ta179 179 73 1.8 years EC 6.5E-11 5.6E-10 
[2] , [5] , [6] 
, [7] , [13] 

[10] 

Ta182 182 73 114 days 
beta-, 

gamma 
1.5E-09 1.0E-08 

[5] , [6] , 
[12] 

[10] 

Ta183 183 73 5.1 days 
beta-, 

gamma 
1.3E-09 2.1E-09 [5] , [6] [10] 

W178 178 74 21.6 days EC 2.2E-10 7.2E-11 [5] , [6] [10] 

W181 181 74 121 days EC 7.6E-11 2.7E-11 [2] , [5] , [6] [10] 

W185 185 74 75.1 days beta- 4.4E-10 1.2E-10 [2] , [5] , [6] [10] 

W187 187 74 23.7 hours 
beta-, 

gamma 
6.3E-10 1.9E-10 [5] , [6] [10] 

W188 188 74 69.8 days Beta- 2.1E-09 5.7E-10 [10] 

Re182 182 75 64 hours 
Beta+, 
gamma 

1.4E-09 1.2E-09 [10] 

Re183 
[16] 

183 75 70 days EC, gamma 3.2E-10 2.4E-09 [10] 

Re184 184 75 38 days EC, gamma 1.0E-09 1.9E-09 [10] 

Re184m 184 75 169 days IC, beta+ 1.5E-09 6.5E-09 [10] 

Re186 186 75 3.7 days Beta-. EC 1.5E-09 1.1E-09 [10] 

Os185 185 76 93.6 days EC 5.1E-10 1.6E-09 [12] [10] 

Ir192 192 77 73.8 days Beta-, EC 1.4E-09 6.6E-09 [12] 

Au198 198 79 2.7 days 
Beta-, 

gamma 
1.0E-09 8.6E-10 [12] 

Au199 199 79 3.2 days 
Beta-, 

gamma 
1.3E-09 7.9E-10 [12] 

Hg203 203 80 46.6 days 
Beta-, 

gamma 
1.9E-09 2.4E-09 [12] 

Pb210 210 82 22.3 years 
Beta-, 

gamma 
6.9E-07 5.6E-06 [12] 

Bi207 207 83 31.5 years 
Beta+, 
gamma 

1.3E-09 5.6E-09 [12] 

Th228 228 90 1.9 years alpha 7.2E-08 4.0E-05 [12] 
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Np239 239 93 2.4 days 
Beta-, 

gamma 
8.0E-10 1.0E-09 [12] 

Am241 241 95 432 years SF, alpha 2.0E-07 9.6E-05 [12] 

Am243 243 95 7370 years SF, alpha 2.0E-07 9.6E-05 [12] 
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Appendix 2. Procedure
tritium in air and 
precipitation 
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1. Purpose 
The purpose of the procedure is to describe the necessary steps for measurement 
of the activity of tritium (3H) in the atmospheric water vapour and in 
precipitation, i.e.: 

 sampling of atmospheric water vapour and sampling of precipitation; 

 sample preparation; 

 measurement of tritium using Liquid Scintillation Counting (LSC); 

 data analysis to produce the final results as activity concentration of 
tritium in precipitation and air humidity. 

The procedure was applied to the background measurements of tritium reported 
in Ref [1]. The procedure may be applied to future measurements of tritium-
containing water in air and precipitation at the ESS site and surroundings in the 
frame of the ESS Ambient Control Program to be endorsed by the Swedish 
Radiation Safety Authority (SSM). 

2. Procedure applicability 
The procedure is applicable to environmental sampling of water from 
precipitation (continuous sampling) and air (occasional sampling). The activity 
concentration of waterborne tritium (HTO) is measured with LSC. The 
procedure is applicable to measurements of tritium in the ESS site area both 
prior to and after start of operation of the ESS facility in order to assess the 
background and the radiological impact of ESS. 

The air humidity sampler must not be used during rainy weather conditions. For 
continuous monitoring of tritium in air during operation of the ESS facility, a 
commercially available tritium air sampler, collecting water vapour as well as 
hydrogen gas, is recommended. 
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3. Sampling of water from 
air and precipitation 

3.1. Procedure map  
The procedure map is shown in Figure 1. 

Figure 1: Procedure map. 

3.2. Procedure details 
Details of the procedure map (planning and sampling) are shown in Figure 2. 

Figure 2: Details of the procedure map (planning and sampling). 

3.2.1. Input 
The input to the procedure is water-borne tritium in precipitation and air. 

3.2.2. Planning 

Several criteria for selection of the sampling sites 
and time intervals are analysed prior to sampling. 

For sampling of precipitation, the sampling site 
within the ESS area should be selected 
considering the recommendations in the 
IAEA/GNIP precipitation sampling guide [2]. In 

Responsible:  

Radiological expert 
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particular, the influence from structures should be 
minimized, e.g. by keeping trees and buildings at 
least as far away as they are high [2]. The 
sampling location should preferably be within the 
fenced area to minimize the risk of e.g. theft. 

For sampling of air humidity, the site should 
preferably not be in the immediate vicinity of very 
busy roads (to reduce influence from water vapour 
produced in combustion engines). The sampling 
of air humidity requires access to 230 V. 
Sampling of air humidity for background 
measurements should strive to cover different 
weather conditions, wind directions and seasons. 
During operation of the facility, it is 
recommended to sample air humidity in the 
upwind as well as in the downwind direction of 
the ESS site. 

Preferably, precipitation samples as well as air 
humidity samples should also be collected 
occasionally at an urban background site. 

Intervals for continuous sampling of precipitation 
are preferably 1 month as recommended by GNIP 
[2], unless the purpose of the measurements gives 
rise to another sampling frequency (e.g. at 
changes in operating conditions of the facility). 

For sampling of air humidity, it should not rain, 
since the sampler is not designed for such weather 
conditions. Therefore, the weather forecast must 
be consulted when deciding the sampling date. If 
possible, sampling of air humidity should be 
performed at the monthly emptying of the 
precipitation collector. 

Planning 

Selection of 

sampling 

sites 

Selection of sampling 

intervals and 

frequency of sampling 

Output/product Selection of sites. 
Selection of sampling intervals for precipitation. 
Selection of dates for collection of air humidity. 
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3.2.3. Sampling  

Sampling of precipitation 

Equipment: Precipitation is sampled using a rain collector 
from Palmex (Croatia) (Standard Rain Sampler RS1, including 
a siphon inlet) [3]. The sampler can be equipped with a funnel 
of diameter 13.5 cm or 23 cm for rain sampling. The larger 
funnel is commonly being used for rain sampling. During 
winter months a snow tube (diameter 15 cm, height 52 cm) is 
placed on top of the smaller funnel to assure representative 
sampling of snow. Water from the precipitation enters a 3 L 
plastic bottle through the funnel and the plastic siphon tube 
(reaching the bottom of the 3 L flask). A spare bottle with lid is 
available and used when emptying the sampler (bottles are 
switched). This dip-in sampler (and the sampling site) fulfils the 
recommendations of the IAEA/GNIP precipitation sampling 
guide [2]. The sampler is mounted on a metal stand (see Figure 
3). 

Responsible:  

Radiological 
expert and/or 
technician 

Sampling 

Figure 3: The Palmex rain sampler RS1, equipped with the 23 cm 
funnel. 

Method: At the time of retrieving a precipitation sample, the 
bottle with the precipitation is unscrewed from below, and the 
flask is closed with the associated lid. The spare bottle is 
attached to the sampler. The water is taken to the lab where it is 
transferred to one or several 500 ml water collection bottles 
(water sampling bottle, sterile, VWR collection, art no 331-
0063) using a dedicated funnel. The water is weighed. The 
sterile water flask is labelled with sampling date interval, 
amount of collected water, sampling site (T#), sample number 
(P#) and signature of the person performing the task. The sterile 
water flasks with the precipitation is stored in a refrigerator at 
4°C at the sample preparation laboratory. The 3 L plastic flask 

Sampling 

of precipi-

tation 
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is washed with distilled water and dried. All sampling data 
should be stored. 

Sampling of air humidity 

Equipment: For sampling of air humidity, a dehumidifier 
from Wood’s (Wood’s MRD10, Woods, Canada) [4] is used, 
see Figure 4. A 24 cm long plastic tubing (inner diameter 8 
mm) is connected to the water outlet of the dehumidifier. A 
sterile 500 ml water collection bottle (VWR collection, art no 
331-0063) is used for collection of condensed water vapour. A 
cable approved for outdoor use shall be used to connect the 
dehumidifier to a 230 V power supply. Temperature and air 
humidity are monitored during sampling. 

Responsible:  

Radiological 
expert and/or 
technician 

Sampling 

of 

humidity 

Figure 4: The air humidity sampler Wood’s MRD10 located in front of 
the Palmex rain sampler. 

Method: The sampler is transported to the sample collections 
site by car at the time of sampling. The sampler is placed in a 
plastic storage box (the red box in Figure 4), which also have 
space available for the sample collection flask. When 
sampling at the rain collector, a tray is placed at the base of 
the metal rack of the rain collector to stabilize the box with the 
humidity sampler. The dehumidifier is secured onto the metal 
rack by using straps. If the sampler is used elsewhere, it is 
suitable to place the sampler and the plastic storage box on a 
portable table. 

The free end of the plastic tubing (the tubing that is attached 
to the water outlet of the dehumidifier) is put into a 500 ml 
sample collection bottle (also placed in the red storage box in 
Figure 4). Care should be taken to protect the socket 
(connecting the dehumidifier and extension cable) from any 
water (e.g. by keeping the socket in a water-tight plastic bag).  

117 



  

 

  
 

  
  

   

 

 
 

  
 

 

 

  
  

 
 

 

 

 

 

 

  

  
  

   
 

  

 
  

 
  

 

 

 

The dehumidifier is started by pressing the start button 
(ON/OFF). The mode should be “Continue” (select at HUM 
ID button), which refers to continuous sampling. Air humidity 
and temperature are noted at the beginning and at the end of 
the sampling. The time of sampling depends on the 
temperature and relative humidity (and possibly on wind 
speed). In general: sample for 1 hour and then check the 
amount of water collected, either by visually inspecting the 
sample or by weighing the sample (at least 20 g of water 
should be collected).  

Switch off the dehumidifier when the sampling is complete. 
Wait for at least 5 minutes, and then carefully tilt the 
dehumidifier towards the water sampling bottle to allow water 
condensed inside the dehumidifier to enter the water sample 
bottle. The water inside the dehumidifier may also be frozen, 
which require some additional time for thawing (the 
dehumidifier is however equipped with a defrosting function, 
which may be activated during sampling). Remove the water 
sampling flask, put on the lid, weigh the sample and label the 
flask with sampling date, sampling interval, amount of 
collected water, sampling site (T#), sample number (H#) and 
signature of the person performing the task. The sterile water 
flasks with the condensed water vapour are stored in a 
refrigerator at 4°C in the sample preparation laboratory until 
analysis. All sampling data should be stored, including 
temperature, air humidity, wind speed and wind direction at 
the time at sampling (the two latter obtained from a nearby 
weather station). 

Output/product Water samples from 
precipitation (integrated 
sampling). 
Samples of air moisture 
(occasional sampling). 

3.2.4. Sample preparation 

The precipitation samples are filtrated using filter paper to 
remove small plant or soil pieces that could have entered the 
collection bottle. The humidity samples are filtrated if collected 
at very dry and windy conditions. 

10 mL of the filtrate is mixed with 10 mL of Ultima Gold LLT 
LSC cocktail in a 20 mL LSC plastic vial, the vial is shaken for 
2 min and stored for 48 h in the dark to reduce chemical 
quenching before LSC measurement. 

Background samples are prepared following the same 
procedure but with 10 mL of tritium depleted water (also called 
old water). Such water can be obtained from a deep well at 
Grevie (N55.6131, E13.1970) - operated by VA Syd - with a 
well-documented low HTO concentration (well 8 in Ref [5]). 

Responsible:  

Technician 

Sample 
preparation 
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Standard samples are prepared using 10 mL of the same 
tritium depleted water added with known amounts of tritium 
from a reference solution (TRY44 number R8/12/123 by 
Eckert and Ziegler, Germany). 

Output/product Filtered water samples mixed 
with scintillation cocktail, ready 
for measurement. 

3.2.5. LSC analysis 

The samples are analyzed in a LSC liquid scintillation counter Responsible:  

according to the instructions given by the manufacturer of the Radiological
instrument. The basic output of the analysis is instrument- expert 

dependant. However, in general an LSC instrument provides 
counts per minute (cpm), the statistical uncertainty of this count LSC 
(%) and the counting efficiency. Measurements of the standards measure-

serve as quality insurance of the LSC results. ment 

Output/product Counts per minute 
(cpm) including 
statistical uncertainty 
and counting efficiency 
of the measurements of 
unknowns, standards 
and background. 

3.2.6. Calculations 

The following should be performed with an external computer if 
the LSC instrument is not equipped to post-process the results. 

MDA 

The minimum detectable activity, MDA (Bq/L), is calculated 
according to equation (2) [6]: 

ටቀ
𝑐𝑝𝑚௕ቁ ൅ ሺ

𝑐𝑝𝑚௕

௕ 
ሻ ൅ ሺ

2.71
3.29 ∙ ሻ𝑡௦ 𝑡 𝑡௦ (1) 

𝑀𝐷𝐴 ൌ 
60 ∙ 𝐸  ∙  𝑉  

Responsible:  

Radiological 
expert 

Data 
analysis 

where cpmb is the count rate of the background (cpm), ts is the 
measurement time of the sample (min), tb is the measurement 
time of the background (min), E is the efficiency and V is the 
sample volume (L).  

Results 
& 

Report 
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Tritium activity concentration in precipitation 

The tritium activity concentration A in precipitation in Bq/L is 
calculated according to equation (1): 

𝑐𝑝𝑚௦ 𝑐𝑝𝑚௕𝐴 ൌ െ (2) 60 ∙ 𝑉  ∙ 𝐸௦ 60 ∙ 𝑉  ∙ 𝐸௕ 

where cpms is the count rate of the sample, Es is the counting 
efficiency of the sample, cpmb is the count rate of the 
background, Eb is the counting efficiency of the background and 
V is the volume (L). 

Tritium activity concentration in air humidity 

The relative humidity RH is given by: 

𝑅𝐻 ൌ 
𝑝 

(3) 𝑝௦௔௧ 

where p is the partial water vapour pressure in air (Pa) and psat 

is the saturated vapour pressure over water (Pa). Tetens’ 
equation provides the saturated vapour pressure over water, psat, 
given in Pa [7]: 

்℃ାଶଷ଻.ଷቁ𝑝௦௔௧ ൌ 610.78 ∙ 𝑒
ቀ 
ଵ଻.ଶ଻∙்℃ (4) 

where 𝑇℃ is the temperature in °C. 

The ideal gas law states 

𝑝 ∙  𝑉  ൌ  
𝑚
𝑀 
∙ 𝑅  ∙ 𝑇 (5) 

where V is the volume, m is the mass, M is molar mass of water 
vapour (18.015∙10-3 kg/mol), R is the gas constant (8.314 
J/(mol∙K)) and T is the temperature in K. 

The absolute humidity AH is given by: 

𝐴𝐻 ൌ  
𝑚
𝑉 

(6) 

Using equations (3)-(6) above, AH (kg/m3) can be written as: 
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𝑉 
ൌ
𝑝 ∙ 𝑀  ∙ 𝑝௦௔௧ ∙ 𝑀  

𝐴𝐻 ൌ
𝑚 

𝑅 ∙ 𝑇  
ൌ
𝑅𝐻

𝑅 ∙ 𝑇  
(7) 

ൌ 
𝑅𝐻 ∙ 𝑀 

்℃ାଶଷ଻.ଷቁ∙ 610.78 ∙ 𝑒
ቀ 
ଵ଻.ଶ଻∙்℃ 

𝑅 ∙ 𝑇  

The tritium activity concentration in air humidity, 𝐴௔௜௥ (Bq/m3) 
is finally given by: 

(8) 𝐴௔௜௥ ൌ 
𝐴𝐻 ∙
𝜌 

𝐴 

where 𝐴 is the measured activity concentration of water (Bq/L) 
and 𝜌 is the density of water (1.0 kg/L). 

Uncertainty in LSC measurement 

The uncertainty in the results is dominated by the statistical 
uncertainty in the count rates of the sample and background. 
Uncertainties introduced in volume and efficiency 
measurements are negligible compared to the statistical 
uncertainty in the number of counts. The total calculated 
uncertainty (σcalc) in the activity concentration considers the 
uncertainty of the sample as well as the background: 

𝜎஺ଶ ൌ ൬  
𝜕𝐴 ଶ ൅ ൬  

𝜕𝐴 

𝜕𝑐𝑝𝑚௦
൰
ଶ 

∙ 𝜎௖௣௠ೞ 𝜕𝑐𝑝𝑚௕
൰
ଶ 

∙ 𝜎௖௣௠್
ଶ (9) 

Thus, 

଴.ହ1
𝜎஺ ൌ 

60 ∙ 𝑉  
ቆ൬
𝜎௖௣௠
𝐸௦ 

ೞ൰
ଶ 

൅ ൬
𝜎௖௣௠
𝐸௕ 

್൰
ଶ

ቇ (10) 

The statistical uncertainty in counts (cpmꞏt) of a measurement 
equals (cpmꞏt)0.5, thus: 

ሻ଴.ହ

𝜎௖௣௠ ൌ 
ሺ𝑐𝑝𝑚 ∙ 𝑡

𝑡 
ൌ ቀ

𝑐𝑝𝑚
ቁ
଴.ହ 

𝑡 
(11) 

and 

𝜎஺ ൌ 
1

60 ∙ 𝑉  
ቆ
𝑐𝑝𝑚௦/𝑡௦

ଶ𝐸௦

଴.ହ

൅ 
𝑐𝑝𝑚௕/𝑡௕ቇ
𝐸௕

ଶ 
(12) 
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Uncertainty in activity concentration of air 
humidity 

The uncertainty in the calculation of 𝐴௔௜௥ is believed to be 
associated with a) the measurement of the relative humidity RH, 
and b) isotope fractionation during the condensation process.  

a) The uncertainty in the measurement of the relative humidity 
RH is conservatively estimated to be 10 % (depending on the 
instrument used). 

b) Isotope fractionation during condensation depends on several 
factors, such as relative humidity and condensation temperature 
[8]. In laboratory tests on condensation of water vapour, 
performed by Deshpande et al [8], the molar concentration of 
deuterium (2H) was on average 1.5% higher in the condensate 
than in the vapour of ambient air (condensation temperature 0 
°C). Maximum observed relative molar excess of 2H was 4% 
[8]. Assuming that the isotope fractionation of tritium is of the 
same order of magnitude as for 2H, the concentration of tritium 
may be up to 8% higher in the liquid phase than in the vapour 
(with the experimental conditions of Ref. [8]). Using a 
conservative approach, the uncertainty due to isotope 
fractionation during condensation is estimated to be 15%. 

The final uncertainty in the HTO activity concentration of air 
humidity includes the uncertainty of the LSC measurement as 
well as in RH and isotope fractionation. 

Output/product Activity concentrations 
of tritium in 
precipitation (in Bq/L) 
and air (in Bq/m3). If the 
sample activity 
concentration is below 
the MDA, the value is 
presented as “< MDA”). 
The results shall be 
presented in a written 
report, which includes 
quality assessment of 
the measurements and 
interpretation of the 
results. 
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3.2.7. Storage of samples 

Sample material remaining after LSC analysis is stored 
according to recommendations by SSM [9]. 

Responsible:  

Radiological expert 

Storage of 
samples 

Output/product The procedure guarantees that sample material is available 
until the data has been disseminated. 
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Terminology 
Isotopes: Atoms of the same element (the same number of protons, i.e. atomic 
number Z) with different number of neutrons (N), i.e. with different mass 
numbers (A). E.g., three isotopes of hydrogen occur in nature: protium (1H or H, 
with one proton and no neutrons), deuterium (2H or D, with one proton and one 
neutron) and tritium (3H or T, one proton and two neutrons). 

Isotopologue: Molecules that differ only in isotopic composition. E.g., water 
has 18 naturally occurring isotopologues (H2

16O, H2
17O, H2

18O, HD16O, HD17O, 
HD18O, HT16O, HT17O, HT18O, DD16O, DD17O, DD18O, DT16O, DT17O, 
DT18O, TT16O, TT17O, TT18O) 

Mass isotopomers: isotopologues that have the same mass (e.g. H2
18O, HD17O, 

HT18O). 
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1. Introduction 
In an ongoing project entitled “Strengthening competence at Lund University for 
measurement and analysis of ESS-specific radionuclides” - financed by the 
Swedish Radiation Safety Authority, SSM (project number SSM2018-1636) - 
we assess the tritium concentrations in various environmental matrixes in the 
Lund area before start of the ESS facility. Sample types include drinking water, 
precipitation and air humidity, and previous measurements have also been 
performed on water from sewage sludge and vegetation. We also measure 
tritium in human urine. The purpose of this brief report is to assess to what 
extent isotope fractionation that can influence the results of measurements of 
tritium. The isotope fractionation may be due to natural processes or result from 
the sample preparation. The main focus of the report is on isotope fractionation 
that can occur during collection of water vapour using methods employing 
condensation [1]. Furthermore, it presents results of isotope fractionation during 
distillation of urine and freeze-drying of sewage sludge. 

The report also briefly describes isotope fractionation of water in the 
hydrological cycle. 

2. Isotope fractionation 
Isotopes of the same elements are characterized by differences in the number of 
neutrons in the nucleus. This results not only in differences in mass between the 
various isotopes, but also in slightly different physical and chemical properties. 
Isotope fractionation, partly favouring the transfer of one isotope to another of a 
specific element, occurs in various processes in nature, such as physical phase 
transitions (e.g. evaporation and condensation in the hydrological cycle), 
chemical reactions (e.g. oxidation of hydrogen gas to water), diffusion and 
uptake in biological systems (e.g. uptake of hydrogen isotopes in man). Light 
elements, such as hydrogen, with a large mass difference between its isotopes, 
generally suffer more from the isotope fractionation effect than heavier 
elements. Thus, for the lightest element of the periodic table, hydrogen, isotope 
fractionation can be significant [2, 3]. 

Two types of fractionation processes mainly occur: a) equilibrium fractionation 
(or isotope exchange) and b) kinetic fractionation [3]. Since isotope 
fractionation occurring in nature is a combination of equilibrium and kinetic 
fractionation, it should be treated as non-equilibrium fractionation [2]. 

2.1. Equilibrium fractionation 
Equilibrium fractionation is of quantum mechanical origin and occurs only at 
chemical equilibrium, i.e. in reversible reactions, and varies with the strength of 
the chemical bonding and the temperature [4]. Equilibrium fractionation can 
occur between two different substances and between separate phases of the same 
substance.  
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The total energy of a molecule, 𝐸௧௢௧, is given by: 

𝐸௧௢௧ ൌ 𝐸௘௟௘௖ ൅ 𝐸௧௥௔௡௦ ൅ 𝐸௥௢௧ ൅ 𝐸௩௜௕ (1) 

where 𝐸௘௟௘௖ is the electronic energy, 𝐸௧௥௔௡௦ is the translational energy, 𝐸௥௢௧ is 
the rotational energy and 𝐸௩௜௕ is the vibrational energy, respectively. The latter, 
molecular vibration, is the main cause of equilibrium isotope fractionation [2]. 
The vibrational bond energy depends on the masses of the atoms in a molecule, 
and generally increases with increasing mass. A molecule containing a light 
isotope thus possesses a higher vibrational energy than a heavier isotope, and the 
lighter isotope is not as strongly bound as the heavy one. This drives lighter 
isotopologues to react slightly more frequent than heavier isotopologues.  

The isotope fractionation between two phases (e.g. liquid and gas) is, in certain 
cases, depending only on temperature [5]. The isotopic ratios of raindrops in 
clouds are mainly determined by equilibrium fractionation. Generally, 
increasing temperature leads to decreasing fractionation (∝1/T2) [5]. Isotope 
exchange reactions are typical equilibrium reactions. 

2.2. Kinetic fractionation 
Kinetic fractionation is irreversible, and occurs in processes such as diffusion, 
evaporation and in chemical reactions when chemical bonds are broken. 
Furthermore, the kinetic isotope effects are often larger than the equilibrium 
effects [5]. The processes leading to kinetic fractionation are generally fast, 
incomplete and proceeding only in one direction (one reservoir suffers from 
continuous losses) [5]. Photosynthesis is a typical such example. The 
condensation method of collection air moisture in Refs [1, 6] is a typical 
example where kinetic fractionation can occur. 

According to kinetic gas theory, the average kinetic energy per atom or 
molecule is equal for all gases at a specific temperature. Consequently, a heavier 
isotopologue has – due to its higher mass – a lower molecular speed than the 
lighter isotopologue. The lower speed of the heavier isotopologue leads to 
slower diffusion and relatively fewer collisions with other molecules than for the 
lighter isotopologue. Therefore, the heavier isotopologue generally reacts slower 
than the lighter isotope. 

One example relates to evaporation of water into unsaturated air. Due to its 
higher speed, a lighter isotopologue evaporates more easily than a heavier 
isotopologue. Thus, a heavier isotopologue becomes enriched in the liquid 
phase, whereas the lighter isotopologue is more abundant in gaseous phase. For 
water, this means that the liquid phase becomes enriched in the heavier isotopes. 
This is reflected in various vapour pressures of molecules with different 
hydrogen isotopes of water [4, 7]: the vapour pressure is lower for HTO than for 
HDO, which in turn is lower than the vapour pressure for H2O. Consequently, 
the boiling point at normal pressure is thus higher for HD16O (100.75±0.05 °C) 
as well as for HT16O (100.8±0.1 °C) than for H2O [8]. 
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3. Isotope fractionation 
units and standards 

3.1. Isotope fractionation units 
Several quantities and units are used related to isotope fractionation (Table 1). 

Table 1: Some quantities related to isotope fractionation. 

Quantity Denotation/definition Eq. 

Number of atoms 

Isotope ratio (R) 

Relative difference of isotope ratios (isotope 
delta or δ) 

Relative difference of isotope ratios in sample 
x relative a standard (std) 

For hydrogen: Relative difference of isotope 
ratios relative a standard, VSMOW, Vienna 
Standard Mean Ocean Water (δD, δ2H) 

For equilibrium fractionation, isotopic 
fractionation factor (α) 

For equilibrium fractionation, isotopic 
fractionation between any two phases 

For equilibrium isotopic fractionation, isotopic 
enrichment factor, discrimination, isotopic 
discrimination or isotopic fractionation constant 
(ε): 

N 

𝑅 ൌ  
𝑁ሺℎ𝑒𝑎𝑣𝑖𝑒𝑟 𝑖𝑠𝑜𝑡𝑜𝑝𝑒ሻ 
𝑁ሺ𝑙𝑖𝑔ℎ𝑡𝑒𝑟 𝑖𝑠𝑜𝑡𝑜𝑝𝑒ሻ

 (2) 

𝛿 ൌ  ቆ
𝑅௥௘௔௖௧௔௡௧ െ 𝑅௣௥௢ௗ௨௖௧

ቇ ∙ 1000 (3)
𝑅௣௥௢ௗ௨௖௧ 

𝛿 ൌ  ൬
𝑅௫ െ 𝑅௦௧ௗ൰ ∙ 1000 (4)
𝑅௦௧ௗ 

𝛿𝐷 ൌ 
𝑅௦௔௠௣௟௘ െ 𝑅௏ௌெைௐ ∙ 1000 (5)

𝑅௏ௌெைௐ 

𝛼 ൌ  
𝑅௣௥௢ௗ௨௖௧
𝑅௥௘௔௖௧௔௡௧

 (6) 

ൌ 
𝛿஺ ൅ 1000

 (7)𝛼஺ି஻ ൌ 
𝑅
𝑅஺
஻ 𝛿஻ ൅ 1000 

𝜀 ൌ  𝛼  െ  1 (8) 

3.2. Standards for δD measurements 
Some commonly used standard materials for δD assessments are listed in 
Table 2. 

Table 2: Common standards for δD measurements. 

𝜹𝑫 
(‰) 

R = 2H/1H
Standard 

(106 x isotope amount ratio) 

VSMOW (Vienna Standard 
Mean Ocean Water) 

155.76 0 

SLAP (Standard Light Antarctic 
Precipitation, water) 

89.02 
-428 

GISP (Greenland Ice Sheet 
Precipitation) 

89.12 -189.7 
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4. The hydrological cycle 
4.1. δD values found in precipitation 

and waters 
The δD value in precipitation mainly depends on a) the temperature and b) the 
proportion of the original water vapour that remains in the air parcel water and 
that is being precipitated [9]. This leads to the so-called continental effect: the 
greater distance from the source of the vapour, the more depleted in δD the 
precipitation becomes. The heavier isotopes are thus rained out as the air parcel 
is moving inlands, making the vapour isotopically lighter, and thus also the 
precipitation more depleted in δD. The principle of the continental effects is 
visualized in Figure 1. 

Figure 1: Principle of the continental effect, modified from [10]. 

Other isotope fractionation effects are due to elevation, latitude and amount of 
precipitation [9]. In natural waters, the D/H ratio typically varies as shown in 
Figure 2. The temporal variation in isotopic composition, due to weather 
conditions and season, can be very large [9]. The relative humidity is also 
known to affect the degree of isotope fractionation [11-13]. 

An example of monthly variations of the D/H ratio in precipitation is shown in 
Figure 3, displaying data from Espoo, Finland [14]. Correlation between the 
D/H ratio and temperature is very high. 
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Figure 2: Average annual D/H ratios worldwide [15]. δ2H=-444.9‰ (lower value) corresponds to 
a molar D/H ratio of 86∙10-6 and δ2H=41.2‰ (upper value) corresponds to a molar D/H ratio of 
162∙10-6 (see above about units of isotope ratios). 
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Figure 3: Monthly average δD values in precipitation and monthly average temperature in 
Espoo, Finland, during year 2000 and 2001. Data from Kortelainen and Karhu [14]. 

4.2. Bottled waters 
Ref [16] presents a comprehensive database of δD values of 234 samples of 
bottled waters from various parts of world. δD varied between -147‰ and + 
15‰, with a mean of -58‰. Examples of δD values of bottled water in Europe 
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are given in Table 3. Bottled waters with high δD values are probably 
originating from sources suffered from evaporation (e.g. some bottled waters 
from India display enrichment in 2H [16]). 

Table 3: Examples of δD in bottled water according to Bowen et al [16]. 

Country Number of 
samples 

𝛅𝐃
 (‰) 

R=2H/1H 

(106 x isotope amount ratio) 

Denmark 1 -54 147 

Finland 3 -82 to -78 143-144 

France 4 -74 to -42 144-149 

Germany 3 -68, -62, -20a 145, 146,153a 

a Bad Adelholzen, source suffered from evaporation? 

4.3. Laboratory tests on 
condensation 

In laboratory tests on condensation of water vapour, performed by Deshpande et 
al [17], the concentration of 2H was on average 1.5% higher in the condensate 
than in the vapour of ambient air (condensation temperature 0 °C). Maximum 
observed relative excess of 2H was 4% [17]. Isotope fractionation during 
condensation depended on several factors, such as relative humidity and 
condensation temperature [17]. 
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5. Isotope fractionation 
tests performed at Lund 
University 

5.1. Collection of air humidity using 
the condensation method 

For tritium analysis using LSC, >10 ml of water needs to be collected. The 
condensation method using an ice bath, as described in Kamath et al [1], is not 
applicable to samples at ESS due to the dry Swedish air. Instead commercial air 
dehumidifiers were tested.  

Initial tests were performed on a small dehumidifier, Renkforce mini (Figure 
4a). The sampling capacity of the Renkforce mini dehumidifier was too low 
when tested in a conservatory in March 2018 (temperatures about 10 °C and RH 
~50%): to obtain 10 ml of water sampling times >12 hours were needed. 

A privately-owned larger dehumidifier was then tested, Wood’s 28 (Figure 4b). 
This one had a sampling capacity of 61 ml water for a sampling time of <1 h at 
~18 °C and RH ~30%. A more portable version (Wood’s MRD10, Figure 4c), 
was purchased, demonstrating a sampling capacity of 57 ml of water for < 4 
hours at ~10 °C and RH ~50%. 

a) b) c) 

Figure 4: Tested air dehumidifiers a) Renkforce mini; b) Wood’s 28; c) Wood’s MRD10. 

The 2H/1H ratio was measured for some of the water samples generated during 
the testing of the sampling capacity of the dehumidifiers (the Renkforce mini 
and the Wood’s 28 dehumifiers). 3x1 ml of water from each sample was 
transferred to a 1.5 ml HPLC thread vial (VWR1548-1488) using a pipette. The 
samples were analysed for their isotopic composition at the Stable isotope 
service lab, Department of Biology, Lund University, Sweden. SLAP, GISP and 
VSMOW were used as standards. The results, shown in Table 4, are in line with 
the Finnish data of Figure 3. 
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Table 5 shows δD values of snow that fell during the same period as the data of 
Table 4. The snow is enriched in 2H compared to the condensed water from air 
humidity. This is consistent with the principles of kinetic fractionation: the 
heavier isotopologues are precipitated and the lighter isotopologues are enriched 
in the gaseous phase. 

Table 4: δD in water samples collected by the dehumidifers Renkforce mini and Wood’s 28. 
SEM: Standare error of mean. 

Time Temp RH δD MEAN STDEV SEM
Sampler Date ID 2H/1H

(h) (°C) (%) (‰) (‰) (‰) (‰) 

Renkforce Mini 15-16 
March 
2018 

14,5 6 50 KS1 

KS2 

KS3 

-83.2 

-80.2 

-82.6 -82.0 1.6 0.9 0.000143 

Renkforce Mini 16-17 
March 
2018 

16,3 10 39 KS4 

KS5 

KS6 

-66.8 

-65.3 

-68.9 -67.0 1.8 1.0 0.000145 

Renkforce Mini 17-18 
March 
2018 

23 6 44 KS16 

KS17 

KS18

-63.5 

-61.3 

-65.8 -63.5 2.2 1.3 0.000146 

Renkforce Mini 18-19 
March 
2018 

15 13 44 KS22 

KS23 

KS24

-57.4 

-60.5 

-61.6 -59.8 2.2 1.2 0.000146 

Wood's 28 19 
March 
2018 

2 11 40 KS25 

KS26 

KS27

-72.1 

-72.8 

-68.7 -71.2 2.2 1.3 0.000145 

Wood's 28 19 
March 
2018 

1 18 30 KS28 

KS29 

KS30

-60.5 

-61.3 

-61.1 -60.9 0.4 0.2 0.000146 

Table 5: δD in snow (sampled 16-18 March 2018). SEM: Standare error of mean. 

ID 
δD 
(‰) 

MEAN 
(‰) 

STDEV 
(‰) 

SEM 
(‰) 

2H/1H 

KS19 -43.9 

KS20 -55.3 

KS21 -53.7 -51.0 6.2 3.6 0.000148 

A very simple test was performed in a domestic cooking oven to estimate the 
effects of isotope fractionation during the condensation method using an ice 
bath. A 500 ml glass jar with plastic lid was filled with tap water and placed in a 
freezer -18°C overnight. The jar was placed on a deep plate (see Figure 5) in a 
domestic oven set to 30°C with circulating air. A deep baking plate filled with 1 
litre of tap water was also placed in the oven (see Figure 5). After 3 hours the ice 
was completely melted, the temperature of the oven showed 30°C and the 
relative humidity was 73%. About 1 dl of the water on the baking plate had 
evaporated, and 31 g water vapour had condensed on the 500 ml glass jar. 
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Figure 5: Experimental setup for test of isotope fractionation during evaporation/condensation. 

Table 6 shows δD values from IRMS measurements of the original tap water, 
the condensate (the water condensed on the 500 ml jar with the ice) and the 
water remaining on the deep baking plate after the test (referred to as ”remaining 
tap water”). The δD value of the tap water remaining on the baking plate after 
evaporation is higher than the original tap water, showing that the lighter 
isotopologues have evaporated to a higher extent than the heavier. The 
condensate displays the lowest δD value, verifying that the water that has 
evaporated from the deep baking plate (and then condensed on the ice bath) is 
fractionated favouring the evaporation of the lighter isotopologues. The 2H/1H 
ratio of the condensate is approximately 4% lower than the original tap water. 
This includes two steps: evaporation from the deep baking plate followed by 
condensation on the ice bath. To estimate the fractionation during the 
condensation, a simple mass balance calculation can be performed, showing that 
the water vapour that has not been condensed should have a 2H/1H ratio of about 
0.000138. Condensation of water vapour would then roughly increase the 2H/1H 
ratio with a few percent. This value is of the same order of magnitude as the 
tests performed by Deshpande et al [17]. 

Table 6: IRMS results of evaporation/condensation test performed 17 March 2018. 

δD MEAN STDEV SEM
Sample ID 2H/1H

(‰) (‰) (‰) (‰) 

Original tap water KS7 -48.9 

17 March 2018 KS8 -52.9 

KS9 -49.4 -50.4 2.2 1.3 0.000148 

Condensate on ice bath KS10 -89.6 

KS11 -88.7 

KS12 -90.0 -89.4 0.7 0.4 0.000142 

Remaining tap water KS13 -46.1 

KS14 -46.3 

KS15 -47.3 -46.6 0.6 0.4 0.000149 
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5.2. Distillation of urine 
Table 7 shows results from tests of distillation of urine samples in task 3b in the 
ongoing project SSM2018-1636. Isotope fractionation does not seem to be an 
issue in the distillation procedure. 

Table 7: IRMS results of urine samples. SEM: Standard error of mean. 

Individual Date ID Description 
δD 

(‰) 

MEAN 

(‰) 

STDEV 

(‰) 

SEM 

(‰) 
2H/1H 

A 2018- GP34 -63.1 
05-30 

GP35 Filtrated with 
charcoal 

-69.6 

GP36 -63.2 -65.3 3.7 2.2 0.000146 

A 2018- GP1 Filtrated and -65.2 
05-02 

GP2 

GP3

distilled at 
atmospheric 

pressure 

-70.6 

-67.7 -67.8 2.7 1.6 0.000145 

A 2018- GP4 Filtrated and -69.3 
05-02 

GP5 

GP6

distilled at lowered 
pressure (water jet 

pump) 

-70.9 

-66.1 -68.8 2.5 1.4 0.000145 

B 2018- GP22 Filtrated and -70.4 
05-
XX GP23

GP24

distilled at lowered 
pressure (water 

jet) 

-70.6 

-74.4 -71.8 2.2 1.3 0.000145 

C 2018- GP31 Filtrated and -70.7 
05-23 

GP32

GP33

distilled at 
lowerest pressure 
(vacuum pump) 

-66.4 

-70.1 -69.1 2.3 1.3 0.000145 

5.3. Freeze drying of sewage sludge 
Table 8 shows results from tests of water extracted in freeze drying of sewage 
sludge. The drying process was not complete. The low δD values indicate a 
higher degree of lighter isotopes leaving the sludge and ending up in the 
extracted water. Incomplete freeze drying may thus e.g. lead to an 
underestimation of the tritium concentration in the sewage sludge. 

Table 8: IRMS results of water extracted from sewage sludge. The sludge was collected in April 
2018. SEM: Standard error of mean. 

ID Description 
δD 

(‰) 

MEAN 

(‰) 

STDEV 

(‰) 

SEM 

(‰) 
2H/1H 

GP25 Freeze drying 1 -117.0 

GP26 Freeze drying 2 -110.1 

GP27 Freeze drying 3 -113.2 -113.4 3.46 2.00 0.000138 
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6. Production of tritium 
The natural production of tritium mainly takes place in the upper atmosphere in 
cosmic ray-induced nuclear reactions (involving neutrons from spallation 
reactions) with atmospheric nitrogen and oxygen (e.g. 14N + n →12C + 3H). The 
vast majority of the tritium produced in the atmosphere is oxided to water 
(HTO). Tritium is also produced in the crust of the Earth in neutron-induced 
reactions with 6Li. 

Anthropogenic sources of tritium include atmospheric nuclear weapon’s testing, 
nuclear power plants, tritium as tracer in research, hospitals and industry, and 
the use of tritium in luminous objects. 

6.1. Tritium units 
1 TU = 1 Tritium Unit, which equals 1 tritium atom per 1018 1H atoms, 
corresponding to 0.118 Bq/L of water. 

6.2. Tritium isotope fractionation 
Tritium in e.g. the hydrological cycle will be subjected to isotope fractionation, 
just like deuterium. 

The fractionation factor for tritium has been shown to obey [4]: 

ln ሺ𝛼்ିுሻ

ln ሺ𝛼஽ିுሻ 
ൌ 1.33 െ 1.40 (9) 

where 𝛼்ିு is the fractionation factor for tritium to protium and 𝛼஽ିு is the 
fractionation factor for deuterium to protium. 

6.3. Tritium variations 
The seasonal variations are also known as the spring leak. Each spring, the 
tropopause breaks up between 30° and 60° north, allowing water vapour from 
the stratosphere (higher tritium concentration) to enter the troposphere (lower 
tritium content). Annual differences are less pronounced [9]. These effects are 
shown in Figure 6. 
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Figure 6: Tritium concentration in precipitation in Canada and the US [18] a) during the bomb-
pulse era, b) from 1990 to 2012. 1 TU = 1 Tritium Unit, which equals 1 tritium atom per 1018 1H 
atoms, corresponding to 0.118 Bq/L of water. 

Oceans have a low tritium content due to the long residence time of this 
reservoir: thus water vapour over the oceans also are low in tritium 
concentration (due to exchange with the surface water). As an air mass travels 
from the ocean and inlands, tritium is added not only from the stratosphere, but 
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also from evapotranspiration. Apart from distance from ocean (the continental 
effect), latitude and season are factors that influence the tritium concentration in 
precipitation [9]. 

6.4. Uncertainty in activity 
concentration of air humidity 

Assuming that the isotope fractionation of tritium relative deuterium is of the 
same order of magnitude as for 2H [19], the concentration of tritium may be up 
to 8% higher in the liquid phase than in the vapour (with the experimental 
conditions of Ref. [17]). Using Eq. (2) [4], taking into account that the mass 
difference and hence isotope fractionation decreases with increasing mass, the 
concentration of tritium may be up to 6% higher in the liquid phase than in the 
vapour. 
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7. Summary and 
conclusions 

Isotope fractionation, resulting in changes in isotope ratios, may occur during 
processes in nature, such as evaporation and condensation in the hydrological 
cycle, as well as in sampling and sample preparation. The effect is more 
pronounced the larger the mass difference between the isotopes/isotopologues 
and may thus become an issue for specific activity assessments of light 
radionuclides such as tritium. The purpose of this brief report was to assess to 
what extent isotope fractionation can influence the results of measurements of 
tritium in the project SSM2018-1636. In particular, the report focussed on 
isotope fractionation occurring during collection of water vapour using an air 
dehumidifier, which has been used to collect water vapour from air for LCS 
measurements of waterborne tritium in air in Lund and close to the ESS facility. 

Since heavier isotopologues (e.g. HTO) condensate more easily than lighter ones 
(e.g. H2O), the specific activity of water collected from vapour using the 
condensation method may be higher than the original water vapour in gas phase. 
Using literature data as well as own experimental data, we estimate that the 
concentration of tritium may be up to several percent higher in the liquid phase 
collected than in the vapour when using the condensation method.  

The distillation procedure used for water samples and urine in the project 
SSM2018-1636 did not seem to affect the hydrogen isotope ratios. 

The report shows that measurements of the stable isotope ratio 2H/1H may serve 
as quality control of isotope fractionation effects in sample preparation prior to 
tritium measurements. 2H/1H measurements may also reveal information about 
the source and the natural history of various waters. 
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FÖRFRÅGAN OM DELTAGANDE 

”Kartläggning av tritium i människor i Lund före 
start av European Spallation Source (ESS)” 

Lund, oktober 2018 

Bästa Lundabo/boende i Lundatrakten, 

Lunds universitet söker frivilliga försökspersoner till en studie som kartlägger 
dagens nivåer av ämnet tritium i människor boende i Lundatrakten. Tritium 
förekommer naturligt i ytterst låga koncentrationer i allt vatten. Tritium bildas 
också t ex i kärnkraftsreaktorer och i vissa forskningsanläggningar: European 
Spallation Source (ESS) kommer att vara en sådan. För att i framtiden kunna 
säkerställa att ESS uppfyller de strikta krav som tillståndsmyndigheten 
Strålsäkerhetsmyndigheten (SSM) ställer, genomförs nu miljömätningar av 
tritium och andra radioaktiva ämnen runt ESS för att kartlägga dagens 
bakgrundsnivåer av strålning. 

I en utökad studie vill vi på Lunds universitet nu bestämma halten av tritium i 
människa i Lundatrakten, så att vi i framtiden har ett bakgrundsvärde att jämföra 
nya mätningar med. 

 Du måste vara myndig för att delta i studien. 
 Du kan när som helst avbryta din medverkan i studien utan att uppge 

skäl. 
 Du får om du önskar ta del av resultatet av tritiumanalysen. 
 All information som ingår i studien hanteras enligt gällande 

sekretessbestämmelser. 
 När resultaten från studien publiceras kommer alla resultat från enskilda 

individer att presenteras med en kodning, och kan inte spåras till 
ursprungsindividen. 

Som medverkande lämnar du ett urinprov vid ett tillfälle. Provinsamlingen gör 
du själv i hemmet och provet hämtas i hemmet om du så önskar. 

Är du intresserad av att delta? Skicka i så fall in bifogad intresseanmälan inom 
en vecka. Använd det medföljande svarskuvertet (porto är betalt). Vi kommer att 
välja ut 30 personer att delta i studien. Urvalet sker med avsikten att få jämn 
spridning av ålder, kön och geografisk bosättning.  Lunds universitet kommer att 
kontakta dig per brev för att meddela om du valts ut till att medverka i studien. 

Om du har några frågor eller synpunkter får du gärna höra av dig till 
undertecknad! 

Vänliga hälsningar, 
PPÅ NÄSTA SIDA HITTAR 

DU EN KORTFATTAD 
BAKGRUND TILL 

STUDIEN! 
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Kristina Eriksson Stenström, professor 

Lunds universitet 
Fysiska institutionen 
Avdelningen för kärnfysik 
Sölvegatan 14 
223 62 Lund 
Telefon: 046-2227643 
Email: kristina.stenstrom@nuclear.lu.se 

Bakgrund till studien 

Människokroppen innehåller en liten mängd radioaktiva ämnen. Vanligtvis kommer 
merparten av de radioaktiva ämnena i kroppen från helt naturliga källor. Människan 
har sedan förra århundradet också framställt radioaktivitet på konstgjord väg, t ex för 
att användas inom forskning, industri och sjukvård. Tritium (supertungt väte) är ett 
sådant radioaktivt ämne, som också bildas naturligt i atmosfären. Genom att tritiumet 
binds in i vattenmolekyler sprids det genom vattnets kretslopp även till människans 
kropp. Den stråldos som människan får från naturligt tritium är bara ca 0,001% av 
den naturliga strålningen från rymden, marken och oss själva. 

Människans framställning av tritium kommer främst från atmosfäriska kärnvapentest 
på 1950- och 1960-talen, men också från kärnkraftsreaktorer, forskningsreaktorer 
och -laboratorier. Tritium används t ex som spårämne inom forskning. Tritium 
används också som ingrediens i viss självlysande färg, som finns i en del 
armbandsklockor och i kikarsikten. Tritium kan leta sig ut från alla dessa källor och 
även hamna i människokroppen i ytterst låga, men varierande, koncentrationer. Vi 
vill nu kartlägga tritium i människa i Lundatrakten före start av 
forskningsanläggningen European Spallation Source (ESS). 
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INFORMATION TILL FRIVILLIGA 
DELTAGARE 

”Kartläggning av tritium i människor i Lund före 
start av European Spallation Source (ESS)” 

Bäste Lundabo, 

Tack för att du ställer upp som frivillig försöksperson i kartläggningen av 
dagens nivåer av tritium i människa i Lundatrakten! 

Nedan sammanfattas studiens bakgrund och upplägg, samt villkoren för 
medverkan i studien. 

1. Bakgrund och syfte 

Det radioaktiva ämnet tritium förekommer naturligt i ytterst låga 
koncentrationer i allt vatten. Tritium bildas också t ex i kärnkraftsreaktorer och i 
vissa forskningsanläggningar: European Spallation Source (ESS) kommer att 
vara en sådan. För att i framtiden kunna säkerställa att ESS uppfyller de strikta 
krav som tillståndsmyndigheten Strålsäkerhetsmyndigheten (SSM) ställer, 
genomförs nu miljömätningar av tritium och andra radioaktiva ämnen runt ESS 
för att kartlägga dagens bakgrundsnivåer av strålning.  

I en utökad studie vill vi på Lunds universitet nu bestämma halten av tritium i 
människa i Lundatrakten, så att vi i framtiden har ett bakgrundsvärde att jämföra 
nya mätningar med. 

2. Förfrågan om deltagande 

I studien ingår såväl allmänhet som personer som hanterar och 
eventuellt exponeras för tritium på sina arbetsplatser. Vi har utifrån 
inkomna intresseanmälningar gjort ett urval av vilka personers urin vi 
önskar analysera. Du är en av de personer från allmänheten vars 
tritiumhalt vi gärna vill analysera. Genom att ha fyllt i och lämnat in 
intresseanmälan har du gett ditt samtycke till att medverka i studien. 

3. Hur går studien till? 

När vi fått enkäten kommer vi att kontakta dig per epost för att avtala lämpliga 
datum för provinsamling. Du kommer sedan att förses med ett provtagningskit 
som också innehåller instruktioner för urininsamling. Dagen före provinsamling 
ombeds du föra protokoll över vad du dricker. Själva provtagningen kommer att 
vara mycket enkel, där du vid ett tillfälle ombeds samla morgonurin i en 
plastburk.  

Vi hämtar gärna upp ditt urinprov i din bostad. 
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Vi hämtar gärna upp ditt urinprov i din bostad: placera då kylväskan med 
urinprovet utanför din bostad senast kl 08.00 samma dag som provinsamlingen. 
Forskarlaget hämtar kylväskan under förmiddagen. Alternativt hämtas/lämnas 
provet på annan plats (om så är avtalat). 

En delmängd av urinprovet analyseras sedan för kreatininhalt (ett mått på 
vätskeintaget). En annan delmängd av urinprovet mäts med hjälp av en 
vätskescintillator för att bestämma halten av tritium. Analyserna görs snarast 
efter det att provet anlänt, antingen vid Lunds universitet eller vid Mangalore 
University i Indien. Efter analys destrueras provet, och ingen urin kommer att 
sparas. 

4. Vilka är riskerna? 

Studien medför inte något fysiskt obehag eftersom det enda vi kommer att be 
dig om är att själv ta ett urinprov, samt att dagen före provinsamlingen bokföra 
ditt intag av vätska i ett protokoll. Med största sannolikhet förekommer ingen 
tritiumhalt som medför stråldoser av betydelse. 

5. Finns det några fördelar? 

Resultaten av studien kommer att ligga till grund för att i framtiden kontrollera 
att stråldosbidraget från ESS ligger inom tillåtna gränser. Du får genom att delta 
i studien också veta vilken nivå av tritium som du utsätts för idag. 

Om du utsätts för tritium i ditt yrkesliv kan resultaten av studien påvisa hur 
säker och god din arbetsmiljö är ur strålskyddssynpunkt, eller peka på 
yrkesmässiga förhållanden som kan behöva förbättras. 

6. Hantering av data och sekretess 

All information som ingår i studien hanteras enligt gällande 
sekretessbestämmelser. Ansvarig för dina personuppgifter är Lunds universitet. I 
projektet kommer personuppgifter om dig att behandlas i enlighet med den 
europeiska Dataskyddsförordningen (GDPR) och Dataskyddslagen (SFS 
2018:218). Personuppgiftsansvarig för detta projekt är Lunds universitet (Box 
117, 221 00 LUND, tel. 046-2220000, registrator@lu.se, org.nr. 202100-3211).  

Dina svar och ditt resultat kommer att behandlas så att obehöriga inte kan ta del 
av dem. Detta sker genom att dina enkätsvar och prov kodas, och att enkätsvar 
och kodnyckel förvaras inlåsta, och därmed oåtkomliga för obehöriga, vid 
Avdelningen för kärnfysik vid Lunds universitet. Din provburk kommer att vara 
märkt med en pseudonym för att garantera sekretessen. När resultaten från 
studien publiceras kommer alla resultat från enskilda individer att presenteras 
med en kodning, och kan inte spåras till ursprungsindividen. 

Du har rätt att gratis, en gång per kalenderår, efter skriftligt undertecknad 
ansökan ställd till oss, få besked om vilka personuppgifter om dig som vi 
behandlar och hur vi behandlar dessa. Du har också rätt att begära rättelse i fråga 
om personuppgifter som vi behandlar om dig. 
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7. Hur får jag information om studiens resultat? 

Resultat av undersökningen kommer att skickas direkt till dig om så önskas 
(ange i bifogad enkät). Detta kommer att ske i god tid innan resultaten av 
undersökningen avses att publiceras i vetenskaplig tidskrift. 

8. Ersättning 

Ingen ekonomisk ersättning kan erbjudas för deltagande i studien. 

9. Frivillighet 

Samtyckte till studien sker genom att du skickar in enkäten. Deltagande i studien 
är helt frivilligt, och du kan när som helst, utan särskild förklaring, avbryta 
deltagandet genom att kontakta undertecknad. Du kan då också begära att dina 
samtliga inlämnade data destrueras och att du stryks ur kodnyckeln. Resultat 
som redan publicerats i vetenskaplig tidskrift kan däremot inte destrueras. 

10. Ansvarig för studien 

Ansvarig för studien är: 

Kristina Eriksson Stenström, professor 

Lunds universitet 

Fysiska institutionen 

Avdelningen för kärnfysik 

Sölvegatan 14 

223 62 Lund 

Telefon: 046-222 76 43 

Epost: kristina.stenstrom@nuclear.lu.se 
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INSTRUKTIONER FÖR 
PROVTAGNING 

”Kartläggning av tritium i människor i Lund före 
start av European Spallation Source (ESS)” 

Du har fått ett kit bestående av: 

 Kylväska 
 Penna (behåll gärna denna!) 
 Kylklamp 
 Enkät 
 Protokoll för dokumentation av vätskeintag 
 1 st 100 ml burk 
 2 st plastpåsar 
 1 st klämma 

Dagen före provinsamling: 

1. Ta fram kylväskan. 
2. Lägg kylklampen i frysen. 
3. Fyll i enkäten. 
4. Dokumentera allt du dricker i protokollet. 

Nästa dag (provinsamling direkt på morgonen): 

5. Direkt på morgonen: samla morgonurin i aktuell provburk. Förslut 
burken ordentligt efter insamling. 

6. Ställ burken med urinprovet i dubbla plastpåsar och förslut påsarna med 
klämman. 

7. I kylväskan: Lägg i den frysta kylklampen, urinprovet (burken med 
dubbla plastpåsar om), ifylld enkät samt ifyllt protokoll om föregående 
dags vätskeintag.  

8. Stäng kylväskan och placera utanför din bostad senast kl 08.00. 
Forskarlaget hämtar kylväskan under förmiddagen. Alternativt 
hämtas/lämnas provet på annan plats (om så är avtalat). 
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PROTOKOLL FÖR VÄTSKEINTAG 
”Kartläggning av tritium i människor i Lund före start 
av European Spallation Source (ESS)” 

Ditt namn:__________________________________________ 

Datum för förande av vätskeprotokoll: ___________________ 

Datum för insamling av urin: ___________________ 

Pseudonym (fylls i av Lunds universitet):___________________ 

Fyll i protokollet så noga som möjligt! 

Klockslag Dryck Om tillämpligt: 
Vatten till drycken kom 
från… 
(t ex vattenkran i hemmet) 

Ungefärlig 
mängd  
(deciliter) 
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___________________________________________________ 

__________________________________________________ 

ENKÄT 

”Kartläggning av tritium i människor i Lund före 
start av European Spallation Source (ESS)” 

Genom att lämna in denna enkät ger du ditt samtycke till att vi 
analyserar din urin med avseende på tritiumhalten samt även 
kreatininhalten (för att få en uppskattning om vätskeintaget).  

Du har rätt att när som helst avbryta din medverkan i studien utan att 
uppge skäl. Om du vill kontakta oss senare efter studiens slut är det 
viktigt att du behåller kontaktinformationen i det medföljande brevet. 

Som medverkande lämnar du ett urinprov vid ett tillfälle. 
Provinsamlingen av urin gör du själv i hemmet och provet hämtas i 
hemmet om du så önskar. 

Vänligen fyll i medföljande frågeformulär och lägg i kylväskan 
tillsammans med urinprovet. 

Din pseudonym (fylls i av Lunds universitet):_________________ 

1. Ange ditt namn: ____________________________________ 

2. Vilket är ditt födelseår? ______________________________ 

3. Vilken är din ungefärliga vikt (kg)? _____________________ 

4. Vilken är din bostadsadress (inkl postnummer)?  

5. Vilken är din epost-adress? 

6. Är du kvinna eller man (eller vill inte uppge)? 

� Kvinna � Man � Vill inte uppge 
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___________________________________________________ 

___________________________________________________ 

___________________________________________________ 

___________________________________________________ 

7. Tritiumhalten i kroppen kan påverkas av om man använder 
vissa armbandsur med självlysande färg. Använder du ett 
armbandsur med självlysande färg? 

� Ja � Nej 

Om ja, vilket märke/modell? (gärna så detaljerat som möjligt):  

8. Hanterar din arbetsplats någon form av tritiumhaltigt material? 

� Ja, nämligen 

� Nej 

� Vet inte 

9. Jag önskar ta del av resultatet av tritiumanalysen 

� Ja � Nej 
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RESULTAT 

”Kartläggning av tritium i människor i Lund före 
start av European Spallation Source (ESS)” 

Hej! 

Stort tack för din medverkan i studien ”Kartläggning av tritium i 
människor i Lund före start av European Spallation Source (ESS)”!  

Vi har nu analyserat urinprov från dig och från över 50 andra frivilliga 
försökspersoner i Lundatrakten. Såväl personer från allmänheten som 
arbetstagare som hanterar tritiumhaltiga material i sitt arbete på 
laboratorier och sjukhus har ingått i studien. Här kommer resultaten av 
analysen av ditt urinprov: 

Namn:________________________________________________ 

Ditt resultat (koncentration av vattenbundet tritium i urin, 
Bq/liter): _________ Bq/liter 

Generellt sett var tritiumhalten i samtliga analyserade urinprov ytterst 
låga. För att få ett perspektiv på nivåerna kan du jämföra ditt värde 
med följande siffror: 

 Uppmätt värde på tritium i dricksvatten i Lund (denna 
studie): 1,5 ± 0,4 Bq/liter 

 EU:s riktvärde2 för tritium i dricksvatten: 100 Bq/liter 
 WHO:s vägledande gränsvärde3 för tritium i dricksvatten: 

10 000 Bq/L 

Vi kommer nu att sammanställa resultaten i en vetenskaplig artikel. 
Din anonymitet är garanterad i publikationen.  

2 Detta är inte ett gränsvärde, utan innebär att orsakerna till ett överskridande ska 
utredas (Livsmedelsverkets föreskrift SLVFS 2001:30).
3 Det vägledande gränsvärdet är beräknat utifrån en effektiv stråldos på 0,1 mSv/år, 
ett intag av 2 liter vatten per dag, och med doskoefficienten för vattenburet tritium 
satt till 1,8∙10-11 Sv/Bq. 0,1 mSv/år motsvarar en ytterst låg risknivå som inte 
förväntas ge någon mätbar negativ hälsoeffekt. En person (aldrig-rökare) som bor i 
Sverige får i medeltal stråldosen 2,4 mSv/år från olika källor, se  
https://www.stralsakerhetsmyndigheten.se/publikationer/rapporter/stralskydd/2007/2 
00702/. 
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 Om du inte vill att ditt anonymiserade resultat publiceras, är 
du välkommen att kontakta undertecknad senast 2019-03-15.  

 Om du vill läsa artikelutkastet före det skickas in för 
publicering, meddela undertecknad senast 2019-03-15. 

Du är välkommen att kontakta undertecknad om du har några frågor! 

Vänliga hälsningar 

Kristina Eriksson Stenström, professor 
Lunds universitet 
Fysiska institutionen 
Avdelningen för kärnfysik 
Sölvegatan 14 
223 62 Lund 
Telefon: 046-222 76 43 
Epost: kristina.stenstrom@nuclear.lu.se 
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Appendix 5. Procedure: 
Sample preparation of 
tritium samples and 
measurement by liquid 
scintillation counting 
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Procedure: Sample 
preparation of tritium 
samples and measurement 
by liquid scintillation counting 

1. Purpose 
This procedure describes the preparation of water-based samples prior to the 
analysis of their tritiated water (HTO) content using Liquid Scintillation 
Counting (LSC). The purpose of the pre-treatments is to decrease the colour 
quenching of the sample and to decrease the amount of other beta emitters that 
could be detrimental for the analytical results. 

The sample preparation consists of two steps: 

 A filtration on activated charcoal 
 A distillation 

The measurements are performed on a Beckmann LS 6500 LSC liquid 
scintillation counter at Medical Radiation Physics, Malmö. The operating 
conditions described here were optimised to lower the minimum detectable 
activity (MDA). 

2. Procedure applicability 
The procedure is applicable to water and urine sample with a volume of at least 
50 mL. 

Urine, ground water and surface water samples require a pre-treatment before 
measurement. In addition, the urine samples should be stored in a fridge at 4 °C. 

Precipitation and air humidity samples can be analysed directly without pre-
treatment. 
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3. Sample preparation  
3.1. Procedure map 

The procedure map is shown in Figure 1. 

Collection of 
the sample 

Addition of 
activated 
charcoal 

Distillation of 
the filtrate 

LSC 
measurement 

Storage of 
the 

distillate 

Figure 1: Procedure map. 

The filtrate is the liquid phase collected after filtration of the sample. The 
distillate is the liquid phase collected after distillation. 

3.2. Risk assessment 
Full personal protective equipment (PPE) should to be worn, including: lab coat, 
gloves and safety googles, long sleeve trousers and closed shoes. Collective 
protective equipment such as ventilation and fume-hoods must also be 
operating. Filtration and distillation must be performed under a fume-hood. The 
use of water and electrical devices creates a risk of electrocution. Safety sheets 
of the chemicals must be available in the laboratory. 

3.3. Filtration 
The filtration should be performed according to the following steps: 

 Urine samples are stored at 4 °C in a fridge, water samples can be 
stored at room temperature 

 Mixing 50 mL of the sample with 2.5 g of activated charcoal for a 
concentration of 50 g L-1 

 Shaking vigorously the mixture for at least 2 minutes (if some white 
foam still forms shaking 2 additional minutes) 

 Placing the filter on the funnel and place the funnel on an appropriate 
container such as a beaker (V > 50 mL) 

 Pouring the sample solution on the filter progressively, the mixture may 
need to be shortly agitated again to put the charcoal in suspension in the 
liquid phase 

 Collecting the filtrate for distillation (see Figure 2) 
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Figure 2: Example of filtration setup 

3.4. Distillation at lowered pressure 
The distillation set-up is a classical one with a membrane pump and a valve to 
control the pressure in order to limit the combustion of residues. The chosen 
operating conditions for this distillation set-up are 40 °C and 0.1 bar. 

3.4.1. Material 
Figure 3 is a diagram of the distillation set-up. The set-up requires one electric 
outlet for the heating mantel, one for the pump and one tap for the cooling 
system. 
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Figure 3: Photo of the glassware of the distillation setup. 

3.4.2. Method 
The filtration should be performed according to the following steps: 

 Weighing the two empty round bottom flasks.  
 Adding about 100 mg of pumice stone in the distilling round bottom 

flask and weighing the flask again. 
 Adding the distillate and weighing the flask. Those masses will be used 

to calculate the percentage of water loss and the percentage of residues 
after the distillation 

 Installing the elements of the set-up according to Figure 3. Air tightness 
between glassware pieces is obtained thanks to Teflon sleeves. It is 
important to verify that the inlet and outlet of the liebig condenser are 
correctly plugged (the water must flow from the bottom to the top of the 
condenser). 

 Starting the water flow through the condenser. 
 Starting the membrane pump and set the pressure to 0.1 bar. 
 Turning on the heating mantel. The temperature should be about 40 °C, 

if too high or too low, the pressure can be adjusted with the valve. 
 The distillation should be completed up to dryness to avoid isotope 

fractionation but the residues should not burn inside the distilling flask 
to avoid combustion impurities in the receiving flask 

 When the distillation is finished, turning off the heating mantel and 
removing it. 

 Switching off the pump and removing the plastic tube from the vacuum 
adapter when the atmospheric pressure is reached. 

 Removing the receiving flask, weighing it and transfering the distillate 
to a storage container. 
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 Once the distilling flask has cooled down, removing it and weighing it 
to calculate the percentage of residue. 

3.5. Cleaning 
All reusable consumables that were in contact with activated charcoal must be 
cautiously cleaned with a filter brush then rinsed with ultrapure water. 

The distilling flask must firstly be rinsed with tap water and put in an ultrasonic 
bath several minutes to dissolve part of the residues. Limestone tends to appear 
in the flasks after several distillations. They should regularly be rinsed with 
acetic acid in order to dissolve this limestone layer. 

All the other pieces of the distillation set-up in contact with the urine sample 
(glassware, Teflon sleeves, thermometer…) must be successively rinsed with tap 
water, ultrapure water and ethanol. 

4. Measurement 
The HTO activity concentration of the urine samples was determined using a 
Beckmann LS 6500 LSC multi-purpose liquid scintillation counter. The 
efficiency of each measurement is determined using Horrocks’ method for 
quenching correction. 

From each sample, 2 subsamples are analysed. Each subsample consists of 10 
mL distillate mixed with 10 mL Ultima Gold LLT cocktail (PerkinElmer) in a 
20 mL LSC polyethylene vial (Wheaton). The vials are shaken for 2 min and 
stored at 48 h in the dark to reduce chemical quenching before analysis. The 
water/scintillation cocktail ratio is optimised to 1:1 to lower the level of minimal 
detectable activity (MDA). 

The activity in each subsample is measured five times, consecutively, for 120 
min each, giving a total detection time of 1200 min for each sample. 

Background samples are prepared using Grevie well water, a water with a well-
documented low tritium concentration, from a deep well situated at the Grevie-
Bulltofta Waterworks (N55.61418, E13.18418), operated by VA Syd. Standard 
samples are prepared using a reference tritium solution (TRY44 number 
R8/12/123 by Eckert and Ziegler, Germany) with a reported uncertainty in the 
activity concentration of 1.5%. 

163 



SSM 2020:08 



 
 

  

  

 

 

 

 

 

 

The Swedish Radiation Safety Authority has a comprehensive 
responsibility to ensure that society is safe from the effects 
of radiation. The Authority works from the effects of radiation. 
The Authority works to achieve radiation safety in a number of 
areas: nuclear power, medical care as well as commercial 
products and services. The Authority also works to achieve 
protection from natural radiation an to increase the level of 
ratiation safety internationally. 

The Swedish Radiation Safety Authority works proactively and 
presentively to protect people and the environment from the 
harmful effects of radiation, now and in the future. 
The Authority issues regulations and supervises compliance, 
while also supporting research, providing training and 
information, and issuing advice. Often, activities involving 
radiation require licences issued by the Authority. The Swedish 
Radiation Safety Authority maintains emergency preparedness 
around the clock with the aim of limiting the aftermath of 
radiation accidents and the unintentional spreading of radioactive 
substances. The Authority participates in international 
co-operation in order to promote radiation safety and finances 
projects aiming to raise the level of radiation safety in certain 
Eastern European countries. 

The Authority reports to the Ministry of the Environment and 
has around 300 employees with competencies in the fields of 
engineering, natural and behavioral sciences, law, economics 
and communications. We have recieved quality, environmental 
and working environment certification. 

Publikationer utgivna av Strålsäkerhetsmyndigheten kan laddas 
ned via stralsäkerhetsmyndigheten.se eller beställas genom att 
skicka e-post till registrator@ssm.se om du vill ha broschyren 
i alternativt format, som punktskrift eller daisy. 

Strålsäkerhetsmyndigheten 
Swedish Radiation Safety Authority 
SE-171 16 Stockholm 
Phone: 08-799 40 00 
Web: ssm.se 
E-mail: registrator@ssm.se 
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