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Abstract.  

The environmental sampling programme of the IAEA has been implemented since 

1996 as a strengthening measure to detect undeclared nuclear materials or activities in 

States under safeguards. An impressive array of analytical techniques has been 

deployed in the Agency’s laboratories and in the laboratories of the IAEA’s network 

of analytical laboratories in the Member States. The main methods include: 1) the 

bulk analysis of U, Pu and other elements in the whole sample at ultra-low levels of 

detection and 2) the precise isotopic analysis of U or Pu containing particles as small 

as 1 micrometer in diameter. This paper will focus on recent developments in these 

two areas at the IAEA laboratories in Seibersdorf and on emerging future analysis 

needs. 

 

1. Introduction 

 

The establishment of the Agency’s environmental sampling programme has entailed a 

significant effort both within the IAEA as well as in Member States [1, 2, 3]. Two 

main types of sampling kits have been deployed – the standard 10 x 10 cm cotton 

swipe kits for general use and the 1.5 cm diameter cellulose (type-J) swipe kits for use 

inside hot cells. Procedures for taking and shipping these samples have been 

developed and all Agency safeguards inspectors trained in their use. Radiometric 

screening of all samples upon arrival at the IAEA laboratories in Seibersdorf is used 

to provide preliminary information to guide the further analysis or shipment of 

samples to the network of analytical laboratories. Archiving and sample tracking have 

been implemented using a relational database to ensure complete knowledge about the 

physical location of every swipe sample received. Finally, sophisticated evaluation 

tools based on burn-up and enrichment process modelling have been established in 

order to draw reliable safeguards conclusions from the results of environmental 

sample analysis [4]. 

 

Regular technical meetings are held with network of analytical laboratories 

representatives to review the quality of analytical results, to present improvements 

and new methods and to plan for future services. In addition, the Agency actively 

seeks wider participation in the network of analytical laboratories by laboratories in 

Member States that can provide high-quality analytical services. The expansion of the 

network of analytical laboratories serves to better distribute the sample load and thus 

reduce response times. In addition, parallel analysis of replicate samples in different 

laboratories is an important quality assurance measure to mitigate possible laboratory 

bias. 



This paper will describe the status of the measurement methods carried out in the 

Agency’s laboratories in Seibersdorf for the bulk and particle analysis of 

environmental samples. It should be noted that these methods are representative of 

those in use at a number of network laboratories, although certain network of 

analytical laboratories participants offer unique capabilities. 

 

2. Bulk Analysis 

 

The bulk analysis of environmental samples is carried out in the Environmental 

Sample Laboratory (ESL). Two separate facilities support this effort: the Clean 

Laboratory (CL) which handles non-radioactive samples and the Hot Environmental 

Sample Laboratory (HESL) that can handle radioactive samples with up to 

approximately 1 E7 Bq of Cs-137 activity. The two laboratories are physically 

separated and measures are in place to prevent cross contamination between them. 

Bulk analysis starts with the receipt of an analytical request from the Department of 

Safeguards. A typical bulk analysis request is for U and Pu elemental concentration 

and isotopic composition in a single cotton or cellulose swipe.  

 

The ESL chemists begin by using gamma spectrometric screening or other non-

destructive measurements (such as X-ray fluorescence spectrometry) to estimate the 

amount of U and/or Pu in the sample. These screening methods have a detection limit 

in the range of 10 nanograms for both U and Pu, although the presence of Am-241 as 

detected by gamma spectrometry can signal the presence of Pu at the level of several 

picograms. This preliminary information is used to optimize the analytical scheme 

and to decide on the amount of separated isotopic tracers (U-233 and Pu-242) to be 

added. Typical spikes are IRMM CRM-057 for U and IRMM-CRM-085 for Pu. 

 

2.1 Chemical Treatment of Cotton and Cellulose Swipes 

 

The processing of swipe samples starts with ashing of the swipe material at 600 
o
C in 

a furnace and dissolution of the resulting ash in concentrated HNO3 plus H2O2. A 

portion of the initial “mother” solution is taken for measurement by total reflection X-

ray fluorescence spectrometry (TXRF) and inductively-coupled plasma mass 

spectrometry (ICP-MS) to estimate the U and Pu concentrations more accurately and 

to detect possible interfering elements which would have to be chemically removed or 

otherwise corrected for. 

 

The sample solution is then split into an archive fraction (approximately 40%) and 

fractions for isotope dilution analysis (with added tracers) or un-spiked isotopic 

measurements. Chemical separation is then carried out using a combination of anion 

exchange (using AG MP-1 resin) and stationary phase chromatography (using a 

UTEVA column) to arrive at purified U and Pu fractions for final measurement by 

ICP-MS or thermal ionization mass spectrometry (TIMS) in the CL. Detection limits 

for U are limited by the reagent and swipe blanks at about 50-100 pg whereas the 

detection limit for Pu is in the range of 1-5 fg and is limited by the sensitivity of the 

ICP-MS instrument and the effect of interfering elements. Due to the presence of a 

significant background of U-238 in the Pu isotopic fractions, Pu-238 cannot be 

measured by mass spectrometry and is usually measured by alpha spectrometry as the 

activity ratio of Pu-238 to the sum of Pu-239 and -240. Table 1 shows typical results 

for a sample in which alpha spectrometry was used to report Pu-238, isotope dilution 



analysis with ICP-MS was used to measure the concentration of total U and the 

individual Pu isotopes and TIMS was used to measure the U isotope ratios. 

 

 

Element/Isotope Ratio Amount Uncertainty Method 

    

U-238 6.90 ng 0.1 ng IDA – ICP-MS 

    

Pu-239 3.03 pg 0.10 pg IDA– ICP-MS 

Pu-240 0.173 pg 0.005 pg IDA – ICP-MS 

Pu-241 0.0018 pg 0.0003 pg IDA – ICP-MS 

    

U-234/U-238 0.000107 0.000007 TIMS 

U-235/U-238 0.01111 0.00015 TIMS 

U-236/U-238 0.00022 0.00002 TIMS 

    

Pu-238/Pu-239 0.00147 0.00046 AS 

 

Note: IDA = isotope dilution analysis, ICP-MS = inductively-coupled plasma mass 

spectrometry, TIMS = thermal ionization mass spectrometry, AS = alpha 

spectrometry. 

 

Table 1. Typical results for a bulk analysis. 

 

 

2.2 Inductively-Coupled Plasma Mass Spectrometry 

 

Figure 1 shows the Element II ICP-MS in use at the CL. The sample introduction 

system consists of an APEX-HF nebulizer and a sample changer to allow automatic 

programming of samples, wash solutions and standards in a sequence that minimizes 

cross contamination and memory effects. The measurement of standards is performed 

to first determine the sensitivity of the instrument (typically 30,000 - 40,000 counts 

per second for a solution containing 1 picogram of Pu per mL) and to verify that there 

are no problems with mass dependent bias, mass resolution or mass scale calibration. 

Extensive washing of the sample introduction system with 0.5% HF followed by 2% 

HNO3 is then performed to reduce the background to a level of 2-5 counts per second 

at the Pu-239 position, equivalent to less than one femtogram per mL.  

 



 
 

Figure 1. Inductively-coupled plasma mass spectrometer used for bulk analysis 

 

 

For each sample aliquot, mass peaks for U-238, Pu-239, Pu-240, Pu-241 and Pu-242 

are monitored as well as a region of the mass spectrum where likely interferences 

occur (W, Ir, Pt, Hg, Pb, etc.). A correction is made for these interfering elements 

when the calculated effect on the Pu isotopes exceeds 1% of the Pu signal. The 

correction for interferences is a necessary step but it can significantly increase the 

reported uncertainty of the Pu isotopes. Isotope dilution analysis (IDA) is used to 

quantify the concentration of Pu in the sample by comparing the signal from a sample 

isotope such as Pu-239 or Pu-240 to that of Pu-242 which was added as a tracer. A 

similar scheme is used for U with the addition of a U-233 tracer. The final report 

contains the amount of U in total and the amount of each Pu isotope separately 

calculated from IDA measurements, with the combined uncertainty as estimated 

according to the Guide to the Expression of Uncertainty in Measurements (GUM) [5]. 

 

2.3 Thermal Ionization Mass Spectrometry 

 

The measurement of U isotopic composition in environmental samples requires high 

accuracy in order to distinguish a small anthropogenic (i.e. enriched or depleted) 

component from the background of natural U in a sample. Therefore, TIMS is used to 

obtain the highest accuracy data. The U fraction after chemical separation is dried on 

a rhenium filament at the level of 0.5 – 1 nanogram. TIMS measurements are carried 

out with the Triton instrument shown in Figure 2 and data are collected using an ion 

counting detection system. Measurements of U-233, U-234, U-235, U-236 and U-238 

are made by peak jumping in a time-symmetric manner (scans) within a specified 

pattern (blocks) for approximately 1 hour. The data are then corrected for all known 

effects (time variation or drift, mass fractionation, baseline, etc.) and the uncertainty is 

estimated using GUM principles. 

 



 
 

Figure 2. Thermal ionization mass spectrometer used for bulk analysis. 

 

2.4 Alpha Spectrometry for Pu-238 

 

The measurement of Pu-238 is carried out for those samples where the total Pu in the 

sample is in the pg range. Smaller amounts of Pu would require unacceptably long 

counting times in the alpha spectrometer and would have correspondingly high 

uncertainty. The unspiked Pu fraction prepared for ICP-MS measurement is split and 

a portion is co-precipitated with Nd and collected on a Millipore membrane filter with 

pore size of 1 micrometer. The planchet is counted with a planar implanted Si (PIPS) 

detector in a low-level alpha spectrometer system (Alpha Analyst). The final result of 

this measurement is the ratio of Pu-238 to Pu-(239 + 240) which is combined with the 

ICP-MS data to arrive at the reported ratio of Pu-238 to Pu-239 in the sample [6]. 

Uncertainty is estimated using GUM principles. 

 

3. Particle Analysis 

 

The dust collected on an environmental swipe sample consists of particulate material 

coming from natural minerals and materials of construction (such as gypsum – 

calcium sulphate). In addition, it is expected that any nuclear process such as 

enrichment, reprocessing or research and development will also produce particulate 

materials with particle dimensions in the 0.1-10 micrometer range. Such small 

particles are believed to be quite mobile and will travel several meters from their point 

of origin due to air currents or human activity. This mobility also makes it extremely 

difficult to clean up an area to such an extent that no particles remain available for 

swipe sampling. Since the beginning of the environmental sampling programme, 

highly-sensitive and selective methods have been used to locate these particles and to 

measure their elemental and isotopic composition. The methods in use at the 

Agency’s laboratories are described below. 



3.1 Sample Preparation for Particle Analysis Methods 

 

Sample preparation for particle analysis involves removing particles from the swipe 

matrix and depositing them on an electrically conducting flat surface that will then be 

introduced into the measurement instrument. Typical substrates are pyrolytic graphite, 

silicon or metal that have been mechanically polished and are between 1 and 2.5 cm 

in diameter. An early particle recovery method involved immersing several 1 x 1 cm 

pieces of the cotton swipe material in an organic solvent and subjecting them to 

ultrasonic excitation. The use of common polar solvents such as ethanol or iso-

propanol was believed to dissolve certain compounds of uranium (UO2F2) coming 

from uranium enrichment facilities. For this reason, non-polar solvents such as 

heptane were used exclusively in the IAEA laboratories. The resulting suspension of 

particles in heptane was then dried on a substrate by repeated drop deposition at a 

temperature of around 50 
o
C. The disadvantages of this heptane method were that the 

particles tended to concentrate at the rim of the drops as they dried and that many 

cotton fibers became entrained in the heptane and had to be removed or carbonized to 

avoid electrostatic charging effects. 

 

Another method of sample preparation, using vacuum impaction, was developed by 

the CLEAR laboratory in Japan [7] and introduced at Seibersdorf to replace the 

heptane method. This procedure involves sucking the particles from the swipe surface 

with a vacuum and impinging them on the surface of the sample planchette which is 

held in a specially-designed disposable plastic holder. This method has the advantage 

that it is much faster than the heptane method and fewer cotton fibers are deposited. It 

allows the whole surface of the swipe to be sub-sampled, rather than small pieces as 

in the heptane method and the deposition of particles is much more uniform. The one 

disadvantage is that many particles could bounce off the planchette and be lost; for 

this reason, a special grease is first coated on the planchette which is then removed by 

evaporation at the end of the procedure using a hot plate at 400 
o
C. Some doubts have 

been identified about the effect on the subsequent analysis caused by this grease and 

the heating step used to remove it. A preliminary study of electrostatic precipitation 

technology is being carried out as a possible improvement to the vacuum deposition 

technique. 

 

Following particle deposition by either method mentioned above, it is necessary to 

examine the deposit for uniformity and to check that the loading of particles is 

optimum. If too few particles are present, the probability of detecting U or Pu-

containing particles will be low and may lead to false negative findings. If the deposit 

is too thick, there will be electrostatic charging and “shadowing” effects that will 

interfere with the detection of particles of interest. Multiple planchette preparation 

from the same sample at different loading levels is one way to mitigate these 

problems. 

 

3.2 Scanning Electron Microscopy Combined with X-Ray Spectrometry 

 

The IAEA’s scanning electron microscope is shown in Figure 3. It is a JEOL JSM-

6490 equipped with Oxford INCA Energy 350 energy dispersive and Oxford INCA 

Wave 700 wavelength dispersive X-ray spectrometers. The use of a tungsten filament 

electron source provides high current density for more sensitive X-ray detection 

without significant loss of spatial resolution. The SEM is also equipped with a 4-



quadrant backscattered electron detector. The software provided with the instrument 

allows for automated searching based on heavy-particle detection using the 

backscattered electron signal followed by energy dispersive X-ray (EDX) spectrum 

accumulation. Automated searches can take up to 24 hours to cover a significant 

fraction of the planchette surface, depending on how many heavy particles are found. 

The data are presented in an Excel spreadsheet that can be sorted to identify particles 

of interest based on the U or Pu signals in the EDX spectrum. Particles chosen in this 

way can be easily revisited for more detailed measurements of size, morphology or 

elemental composition using the EDX or wavelength dispersive X-ray (WDX) 

spectrometers. All measurements with the SEM are non-destructive and the exact 

location of particles can be indexed for further manipulation under an optical 

microscope or measurement by secondary ion mass spectrometry [8]. 

 

 

 
 

Figure 3. Scanning electron microscope. 

 

Figure 4 shows a typical sample containing U particles in a matrix of geological 

material (silica) as measured in the backscattered electron image mode. The brightest 

particles in this image contain U and are easily identified by automatic search 

software. Manipulation of such particles is shown in Figure 5 using a tungsten needle 

under an optical microscope at a magnification of 500 X. The needle is mounted in a 

motorized holder and is under computer control to allow fine control of its motion. 

 



 
 

Figure 4. SEM image of U particles in silica matrix. 

 

 

 
 

Figure 5. Needle(on left) used to manipulate 1 micrometer diameter particle. 

 

 

3.3 Secondary Ion Mass Spectrometry 

 

The present instrument for secondary ion mass spectrometry in the Agency’s 

laboratories is shown in Figure 6. It is a Cameca IMS-3f instrument that was 

refurbished by the manufacturer in 1997 before installation in laboratory space rented 

from the Austrian Institute of Technology in Seibersdorf. The principle of operation 

of SIMS involves producing a micro-focussed beam of O2
+
 ions that impinges on the 

sample and sputters material away as neutral atoms or positive ions. The positive ions 

are characteristic of the sample composition and are directed into a mass spectrometer 



and detected by either a position sensitive (resistive anode encoder) or single channel 

electron multiplier ion counter. By raster scanning the primary O2
+
 ion beam over an 

area of the sample surface (typically 150 micrometers in size), an ion image is 

generated that represents a spatial map of the isotopes present. This instrument can be 

operated in an automated search mode using special software (PSEARCH) in order to 

locate U-containing particles of interest. Detailed measurements are then carried out 

in the microprobe mode by focussing the primary ion beam on a selected particle and 

sputtering it until it is totally consumed. For 1 micrometer particles, this process takes 

approximately 30-60 minutes. 

 

 

 
 

Figure 6. Secondary ion mass spectrometer. 

 

The Cameca IMS-3f instrument currently in use in the Agency’s laboratories is 

capable of measuring the U-235/U-238 ratio in particles of pure uranium compounds 

such as UO2 or UO2F2 where the amount of interfering elements is low. However, for 

achieving the highest accuracy for all the isotopes of U, higher sensitivity and mass 

resolution are needed. The Cameca IMS-1280 large geometry secondary ion mass 

spectrometer (LG-SIMS) meets these requirements and the Agency has acquired such 

an instrument at a cost of € 3.5M. This LG-SIMS instrument will be installed in a new 

Clean Laboratory Extension building in early 2011. The higher sensitivity of the LG-

SIMS and its ability to filter out the effects of interfering elements will allow the 

Agency to independently analyze samples with performance comparable to that of the 

best techniques available in the network of analytical laboratories. Depending on the 

size of the particles measured, the uncertainty of the measured U-235/U-238 ratio will 

be better than 1% relative and for the minor isotopes, U-234 and U-236, the 

uncertainty will be better than 5% relative. This represents a significant improvement 

compared to the present Cameca IMS-3f performance. 



3.4 Chemical Analysis of Particles 

 

Swipe samples from hot cell and research and development facilities frequently 

contain measurable amounts of plutonium. Certain operations in these facilities would 

result in the presence of discrete Pu particles in the 1-5 micrometer size range. Of 

interest to safeguards would be the isotopic composition of this Pu in order to confirm 

the reactor conditions and neutron spectrum to which it was exposed. In addition, it 

would be important to confirm when this irradiation or any subsequent chemical 

purification of Pu took place. The best method for such “age-dating” is the in-growth 

of Am-241 from the Pu-241 with a half-life of 14.3 years. To address this problem, 

the Agency laboratories have developed a scheme whereby the Pu-containing 

particles are first located by SEM and the Am/Pu elemental ratio is measured by 

WDX [9,10]. Following this, the particle is individually picked up and placed in a vial 

for chemical processing involving dissolution, chemical separation and eventual 

measurement of Pu and Am by ICP-MS. Thus, for each particle studied, the “age” 

since chemical purification can be estimated with an uncertainty, dependent on 

particle size, composition and age, of several months in the best case. For more 

challenging particles (i.e. smaller, lower burn-up and more recent age), it should be 

possible to determine if the Pu is of recent origin (i.e. < 5 years) or due to historical 

production (>10 years). 

 

4. Conclusions and Future Trends 

 

To summarize the current situation, the measurement capabilities in the IAEA 

laboratories in Seibersdorf are: 

 

a. Bulk analysis of cotton or cellulose swipes with detection limits for U of 50-100 pg 

and Pu 1-5 fg.  

 

b. Isotopic analysis for bulk samples by TIMS, ICP-MS or AS of U-234, U-235, U-

236, U-238, Pu-238, Pu-239, Pu-240 and Pu-241. 

 

c. U or Pu-containing particle location and morphological imaging by SEM 

 

d. Elemental composition of individual U or Pu particles by SEM using EDX or 

WDX. 

 

e. “Age dating” of Pu particles by SEM/WDX/ICP-MS. 

 

f. Isotopic analysis of U particles by SIMS. 

 

The development of environmental samping analytical methods at the IAEA 

laboratories for the near term includes: 

 

a. Installation of the Cameca IMS-1280 LG-SIMS in 2011 to replace the Cameca 

IMS-3f instrument. This will improve the accuracy of U-235/U-238 measurements in 

the presence of interfering elements. The accuracy of U-234 and U-236 measurements 

will also improve due to higher sensitivity and mass resolution. The expected 

throughput of the LG-SIMS will be approximately 100 samples per year, although a 

maximum of 120-150 samples per year is possible. 



b. Installation of a multi-collector ICP-MS in the Clean Laboratory Extension 

building in 2012 to improve the sensitivity of Pu bulk analysis and the sensitivity and 

accuracy of U isotopic measurements. Improvements in sample chemistry will also be 

needed to achieve a detection limit of 100-500 attograms which is 10 times lower than 

presently possible. At this level of sensitivity, it should be possible to see Pu 

background from global fallout in the swipe materials or the concomitant dust in a 

swipe sample. A further improvement in sensitivity would only increase the 

prominence of this component of the blank thereby limiting the “visibility” of 

safeguards-relevant Pu in the sample. 

 

Other methods that could be implemented in the next 5-10 years include: 

 

a. Electron backscattered diffraction (EBSD) in the SEM to measure the crystal 

structure and chemical form of U or Pu particles. Published work has shown that this 

method can identify oxides of U in micrometer sized particles [11]. Initial tests have 

been performed and discussions with the instrument manufacturer are underway. 

 

b. Measurement of the “age” of U particles by a combination of SIMS, chemical 

treatment and MC-ICP-MS. The challenge for this method will be to identify 

interesting particles based on their U-235/U-238 ratio. This could be accomplished by 

LG-SIMS in a search mode that does not remove a significant amount of material by 

sputtering. The particles of higher enrichment thus located would then be picked up 

and chemical treatment performed to separate Th-230 and Pa-231 from U followed by 

MC-ICP-MS measurement of each parent-daughter pair. The results should, in the 

most favourable cases (i.e. large particles of high enrichment), allow discrimination 

between recent and historical materials. 

 

c. In samples that are rich in U-containing particles, the current methods are not rapid 

enough to allow a significant fraction of the particles to be measured. SIMS in the 

particle search mode would be one choice, but only a limited number of the particles 

found could be measured to exhaustion in the microprobe mode for the best statistics. 

Laser ablation combined with MC-ICPMS would be another way of gathering more 

information about a large ensemble of particles, but in order to be most efficient, a 

preliminary method for U particle location such as fission-track would be needed. The 

proposed scheme would therefore consist of spreading the particles on a fission-track 

plastic (Lexan) embedded in a collodion layer, irradiation in a reactor, separation of 

the collodion layer from the Lexan, development of the fission tracks and finally use 

of the fission tracks to steer the laser ablation system to the particles of interest. The 

success of such a method would depend on the speed with which hundreds or 

thousands of particles could be interrogated in a reasonable time. The goal would be 

to make maximum use of the material available to obtain a representative distribution 

of enrichments. 

 

In summary, analytical methods of high sophistication are currently being applied to 

environmental samples for safeguards and the coming 1-2 years will see a significant 

improvement in both sensitivity and accuracy. Further in the future is the possibility 

to age date U particles and to obtain more comprehensive information from swipe 

samples, thus strengthening the IAEA’s ability to detect undeclared nuclear activities. 
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