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Abstract 
 
The NKS NUFORNOR project was initiated to strengthen the competence 
of nuclear forensics and to increase the collaboration within this field in the 
Nordic countries. The seminar “NKS-B seminar on nuclear forensics in 
Nordic countries” was arranged in Oslo October 5th -6th, 2015, with 26 par-
ticipants from 7 countries and 17 presentations. The goal of the seminar 
was to provide information on the necessity and suitability of novel analyti-
cal techniques within Nordic nuclear forensics as well as exploring possi-
bilities for collaboration across institutions and borders within the Nordic 
countries. Furthermore, selected analytical techniques such as QQQ-
ICPMS, gamma/X-ray spectrometry with post processing of coincident 
signals as well as micro-RAMAN combined with XRD were tested on rele-
vant samples. Recommendations for nuclear forensics in the Nordic coun-
tries include the need to leverage on existing knowledge at nuclear and 
environmental research institutes and international cooperation. Further-
more, new analytical techniques such as rare earth element elemental ra-
tio analyses, micro-RAMAN and synchrotron based x-ray techniques 
should be included in the nuclear forensics toolbox. There is also a need 
of reference materials and proper uncertainty estimation procedures. 
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2.2 Characterization of uranium oxides using XRD and μ-Raman 

Identification of solid phases of uranium compounds is important in many areas, one of them 

being nuclear forensics. Knowledge about the chemical phase is important since it might give 

clues, often in combination with other signatures, about the intended use and process history 

of a sample, and furthermore ultimately about the possible origin of a sample. 

XRD and -Raman were used to identify the chemical phases in uranium oxides. Due to the 

different penetration depths of the two techniques, they might give complementary 

information regarding the different compounds present in a uranium sample. Table 2 gives 

instrument and instrumental settings for the XRD measurements. Figure 2 shows 

diffractograms of three different uranium oxides (P14112, P14111 and P14110) compared 

with those of two reference compounds (U3O8 and UO2). 

Table 2. The XRD instrument used in the characterisation. 

Manufacturer and model Bruker D2 Phaser 

Source and wavelength Monochromatic Cu kα-source (λ=1.54060Å) 

Device for reduction of the Cu kβ-

peaks 
Ni-foil 

Detector 1-dimensional Lynx Eye 

Geometry 
Bragg-Brentano 

/ 

Primary slits 0.2 mm 
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Figure 2. Diffractograms for three uranium samples and two reference compounds. 

-Raman will, due to the shorter penetration depth in the sample, give information about the 

chemical phase present on the surface. In Table 3, the instrument used for the -Raman 

measurements is presented. Figure 3 shows -Raman spectra for the same samples as shown 

in Figure 1.  

Table 3. The µ-Raman instrument used in this work. 

Manufacturer and model Horiba-Jobin-Yvon HR 800 UV 

Laser wavelength 

(nm) 

514 

785 

Laser Characteristics 

(Lasing medium) 

Argon ion (514 nm) 

Diode semi-conductor (785 nm) 

Spot size of laser With x100 objective: ~ 0.4 µm2 

Gratings (lines/mm) 

300 for 785 nm 

600 for 785 nm 

1200 for 785 nm 

600 for 514 nm 

1800 for 514 nm 

Spectral range (cm-1) 
>4000 (for 1800 lines/mm) 

Up to ~ 3500 (for 600 lines/mm) 

Up to ~ 1700 (for 300 lines/mm) 

Focal distance of the spectrometer (cm) 80 

Numerical Aperture (NA) 

0.25 for x10 

0.45 for x50 long work distance 

0.75 for x50 

0.9 for x60 water immersion 

0.9 for x100 

1.25 for x100 oil immersion 

Output power (mW) 
300 (785 nm) 

50 (514 nm) 

Slit (µm) N/Aa 

Detector and operating temperature (°C) Air cooled electron multiplying CCD (-70 °C) 

Typical integration time (range) 10 ms to infinity 

Objectives 
10x, 50x, 50x long work distance, 60x water immersion, 

100x, 100x oil immersion   
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Figure 3. μ-Raman spectra for the three uranium samples. 

In Figure 2 it can be noted that one of the samples contains an ‘oxidized’ uranium oxide as 

well as the UO2. However, in combination with Figure 3 it can be concluded that this phase is 

present on the surface of the sample, i.e. a surface oxidation has occurred and the sample is 

not completely oxidized to U3O8. This is important information since it tells about the history 

of the sample. 

2.3 Gamma and x-ray spectrometry with post-processing of coincident signals 

Non-destructive gamma spectrometry of unknown samples is an important tool in nuclear 

forensics. There are a great variety of detector types to be used with various performances in 

energy resolution, efficiency, mobility and energy span. Traditionally, laboratory based 

detector systems are made up of high resolution germanium detectors. In order to be able to 

reduce ambient background from surrounding sources substantial shielding is required. 

However, even with thick lead-shielding the cosmic muon/neutron component is difficult to 

reduce to levels which can only be achieved in underground laboratories at great depth 

(several hundred meters). The effect of the cosmic background component is a generally 

increase in the background continuum thus raising detection limits for all gamma emitters 

irrespectively of gamma energy. Another important contributor to the general background is 

the scattered radiation in the sample itself, surrounding shielding material as well as in the 

detector. The latter can be reduced by using large peak to Compton units while the scattered 

photons from the sample and shielding itself depends on geometry, sample size, composition 

and gamma energy.  

An alternative method of reducing background is by active shielding using coincidence 

techniques. So called anti-compton systems have been designed to reduce the continuous 

background from scatter in the sample itself and from cosmic radiation provided interaction 

occurs in both detector systems. These techniques, using hardware coincidence circuitry, have 

been available for several decades. The major drawback of these systems is that the output 

data cannot be further manipulated, for instance if it would be discovered that timing 

properties was incorrectly set during acquisition. During the last 5-10 years focus has turned 

to acquire time stamped bulk data emitted from the sample and to later perform post 

processing. In this way coincident signals from several lines emitted by an isotope may be 
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These examples clearly show the relevance for nuclear forensics to leverage on existing 

knowledge at nuclear and environmental research institutes. On the other hand, the 

acceptability of nuclear forensics findings are strengthened by scientific peer review. 

 

Michael Curry of the US State Department gave a very interesting lecture on international 

nuclear forensics cooperation in which analytical tools were mentioned implicitly in an 

international capability discussion.  

 

Anne-Laure Fauré from CEA/DAM Ile de Paris gave a very good talk on characterization of 

nuclear materials with focus on SIMS analysis of U materials. She stressed the need of 

collaborations between countries and institutes as well as round robin exercises in order to 

facilitate scientific exchange. Development of reference materials is also important for 

nuclear forensics. Henrik Ramebäck, FOI, pointed out that LRGS RIID is in need of a 

spectroscopic reachback capability for a reliable identification of nuclear and other 

radioactive materials. Furthermore, he stressed that a proper uncertainty estimation is required 

in gamma spectrometric measurements of nuclear materials and that U isotope determination 

by means of gamma spectrometry with high efficiency geometries require TCS corrections. 

Pablo Lebed, CERAD/NMBU presented a promising technique for geolocation by means of 

rare earth metal elemental ratio measurements on ICP-MS. Brit Salbu and Ole Christian Lind, 

CERAD/NMBU argued that all aspects of particle characteristics as part of the signature 

should provide highly relevant information within nuclear forensic. They also presented 

particle characterization techniques (e.g. synchrotron radiation based x-ray techniques with 

nm to µm resolution, see table 1) they are using within radioecology that should be highly 

useful also in nuclear forensics. 

 

6. Conclusions 

The Nordic community would benefit from acquiring more knowledge and competence on 

nuclear forensics and the analytical techniques available within this discipline. Nuclear 

forensics poses a technically complex challenge both for the scientific and the law 

enforcement communities and difficulties involved especially for attribution processes, should 

not be underestimated. In the present project, the seminar “NKS-B seminar on nuclear 

forensics in Nordic countries” was arranged to provide information on the necessity and 

suitability of novel analytical techniques within Nordic nuclear forensics as well as exploring 

possibilities for collaboration across institutions and borders within the Nordic countries. The 

present report includes recommendations from the seminar participants including suggestions 

to include new analytical tools. Challenges in nuclear forensics analysis include handling of 

nanometer to micrometer radioactive particles, availability of the best suitable or required 

analytical equipment, cross-contamination issues etc. A variety of techniques such as mass 

spectrometry, gamma/X-ray spectrometry and nanometer- or micrometer focused analytical 

techniques such as synchrotron radiation based X-ray techniques may together with early 

detection systems, improve the information that can be obtained if implemented in nuclear 

forensics analysis.  
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APPENDIX I: Seminar programme 

 
NKS-B seminar on nuclear forensics in Nordic countries 

 
Hotel Thon Hotel Vika Atrium, Oslo 
October 5

th
 and 6th, 2015 

 

PROGRAMME 
Day 1 
12:30-13:30 Lunch  
13:30 Brit Salbu and Ole Christian Lind Welcome 
13:40-17:00 Session 1: Nuclear forensics - from an 

international to a Nordic perspective 
Chair:  
             Henrik Ramebäck, FOI, Sweden 

13:40-14:25 David Smith, IAEA Nuclear Security  Nuclear forensics as part of a Nuclear Security 
Infrastructure 

14:25-15:10 Michael Curry, US State Department International nuclear forensics cooperation 
15:10-15:30 Coffee and fruits  
15:30-16:00 Per Reppenhagen Grim, Emergency 

Preparedness Denmark 
Status of nuclear forensics in Denmark 

16:00-16:30 Hari Toivonen, HT Nuclear Oy, Finland Nuclear security and forensics in Finland 
16:30-16:45 Henrik Ramebäck, FOI, Sweden  Research and development at FOI relevant to nuclear 

forensics 
16:45-17:00 Inger-M. Eikelmann, NRPA, Norway Status of nuclear forensics in Norway 
17:00-17:15 Gisli Jonsson, GR, Iceland Nuclear forensics capabilities in Iceland 
17:15-17:45 General discussion Chair: Gisli Jonsson, GR, Iceland 
   
19:00- Dinner  Louise Restaurant & Bar 

Aker Brygge - Stranden 3, Oslo 
   

DAY 2  
08:45 Coffee  
09:00-11:30 Session 2: Historic nuclear events of 

relevance to nuclear forensics 
Chair: Per Roos, DTU, Denmark 

09:00-09:30 Brit Salbu Source terms and release scenarios 
09:30-10:00 Jerzy Bartnicki, MET, Norway Modelling atmospheric dispersion of pollution from 

nuclear accidents and detonations with the SNAP 
model 

10:00-10:30 Per Roos, DTU, Denmark Characterisation of the Thule terrestrial Pu-U particles 
10:30-11:00 NN, NRPA International collaboration on nuclear forensics 
11:00 -11:30 Discussion  
11:30-12:30 Lunch  
12:30-15:45 Session 3: State-of-the-art and novel 

techniques 
Chair: Inger Eikelmann, NRPA, Norway 

12:30-13:15 Anne-Laure Fauré, CEA, France Nuclear forensics at CEA/DAM Ile de France - Focus 
on SIMS particle analysis 

13:15-13:45 Henrik Ramebäck Precision and accuracy in gamma spectrometric 
measurements of nuclear materials 

13:45-14:15 Ole Christian Lind Combining speciation and source identification 
techniques 

14:15-14:35 Coffee and fruits  
14:35-14:55 Pablo Lebed Isotopic signature of selected lanthanides for nuclear 

activities profiling 
15:55-16:15 Ortec To be announced 

16:15-16:35 Michel Ceuppens, Canberra To be announced 
16:35-16:55 General discussion: Future perspectives Chair: Brit Salbu, NMBU/CERAD, Norway 
16:55-17:00 Ole Christian Lind Closing of the meeting 
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Hari Toivonen HT Nuclear Oy Finland harri.toivonen@htnuclear.f

i 

Rajdeep Sidhu IFE Norway rajdeep.sidhu@ife.no  

Marie Bourgeaux-Goget IFE Norway marie.b.goget@ife.no  

Anne-Laure Fauré CEA DAM Ile de 

France 

France Anne-
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Stefan Isaksson Gammadata 

Instrument AB 

Sweden stefan.isaksson@gammada
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Michel Ceuppens Canberra Sweden michel.ceuppens@canberr
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Lise Sundem FST Norway lises2013@gmail.com  
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