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From a viewpoint of physical and chemical form estimation, ultra-trace analytical techniques of
nuclear materials in environmental samples for safeguards have been investigated at Japan
Atomic Energy Research Institute. This article deals with (1) an outline of the developed
techniques for bulk and particle analyses of uranium and plutonium in the safeguards
environmental samples; (2) current R&D on techniques relating to estimation of the physical
and chemical form, such as SEM images and EDX spectra for fine particles of nuclear materials
and fission track observation applicable to fissile materials; and (3) possible analytical
methodologies, as future works, applicable to ultra-trace amounts of nuclear materials
in environmental samples.

Keywords: Ultra-trace analysis; Nuclear materials; Environmental samples; Safeguards;
Physical and chemical form

1. Introduction

In 1995, the IAEA introduced the environmental sample analysis method, as a powerful
tool to detect undeclared nuclear activities, into a strengthened safeguards system based
on the Programme 93þ 2 [1]. The method is based on the principle that ‘nuclear
signatures’ can be evidenced if trace amounts of nuclear materials in environmental
samples taken from the inside and outside nuclear facilities are accurately analysed.

In such a situation, a cleanroom facility, Clean Laboratory for Environmental
Analysis and Research (CLEAR), was constructed at Japan Atomic Energy Research
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Institute (JAERI) in 2001, and the development of analytical techniques for ultra-trace
amounts of nuclear materials in the environmental samples was started under the
auspices of the Ministry of Education, Culture, Sports, Science and Technology of
Japan (MEXT) [2]. In the beginning of 2004, JAERI became a member of the IAEA
Network of Analytical Laboratories. Since then JAERI has contributed to the
international safeguards as well as domestic safeguards, by carrying out environmental
sample analyses.

Currently, isotope ratios of nuclear materials in ‘swipe’ (surface wipe) samples are
mainly measured and collected in operational plant buildings of nuclear facilities by the
IAEA inspectors. In future, environmental sample analyses will likely expand to soil,
sediment, vegetation, water, and airborne dust taken from outside the nuclear facilities.
Generally, for uranium and plutonium, and if possible for other actinides, fission, and
activation products in these environmental samples, analytical techniques, such as mass
spectrometry and radiometric methods, are effective and may provide information
about nuclear activities on present and previous nuclear activities.

In addition, if the physical and chemical form of the nuclear materials in the
environmental samples is identified, we will be able to estimate the origin, treatment
process and migration behaviour of the nuclear materials. For example, if fluorine
is found in uranium particles, the particles contain uranium fluoride compounds and
possibly come from an enrichment or conversion process. For the aim of safeguards,
such information is also significant. In this article, from the viewpoint of estimating
the physical and chemical form, the analytical techniques developed for the safeguards
environmental samples and their applications are presented.

2. Developed analytical techniques

The environmental sample analysis for ultra-trace amounts of uranium and plutonium
should be carried out at a cleanroom facility in order to avoid cross-contamination
from analytical surroundings. The cleanliness of CLEAR is ISO Class 5–7 in every
cleanroom and Class 4 in every hood and bench [3].

Figure 1 shows the flow diagram of the safeguards environmental sample analysis
developed at JAERI. After receiving the swipe samples from the IAEA or MEXT, they
are screened by radiometric methods, and then bulk and/or particle analyses are
performed. Samples with less than 1Bq order of uranium and plutonium are acceptable
into CLEAR, while samples that contain much more radioactivity are treated
as ‘hot-cell samples’ and analysed, in principle, at a radiochemical laboratory,
NUCEF (Nuclear Fuel Cycle Safety Engineering Research Facility). In addition,
�-ray emitters, such as fission and activation products, are determined by a Ge(Li)
detector using the Compton suppression technique [4] and so on.

2.1 Bulk analysis

In order to determine the concentrations and mean values of isotope ratios for
uranium and plutonium in a swipe sample, the basic bulk analytical technique was
successfully established. The technique consists of dry ashing, acidic digestion,
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and chemical separation. Figure 2 shows a chemical-separation scheme with an
anion-exchange column [5].

Uranium and plutonium were successfully determined with a double-focusing
high-resolution inductively coupled plasma mass spectrometer (ICP-MS) and thermal
ionization mass spectrometer (TIMS) using the isotope dilution method (IDM), while
other minor actinides with short half-lives were analysed by �-ray spectrometry.
In order to obtain the reliable isotope ratios by the ICP-MS, interference of polyatomic
ions with of uranium and plutonium was studied [6, 7].

Consequently, the 235U/238U ratio of 0.01 was measured with a relative precision
of about 3% when using 5mL of 3 pptU solution (10 pgU) and the 240Pu/239Pu ratio of
0.07 within 1% when using 5mL of 0.1 ppt Pu solution (0.5 pg Pu). The uranium blank
for whole process was achieved in the range of 5–10 pg during bulk analysis at CLEAR.

2.2 Particle analysis

In order to measure the isotope ratios of uranium in individual particles, we have
established a total reflection X-ray fluorescence spectrometry and secondary ion mass
spectrometry (TXRF-SIMS) technique, in which particles are recovered onto a carrier
by an impactor-type sampler and screened by TXRF; the isotope ratios are then
analysed by SIMS [8–10]. Although the TXRF-SIMS technique is excellent and
effective for the particles with a diameter of more than 1 mm (approximately 4 pg),
it seemed difficult to analyse the smaller particles owing to limitations in the sensitivity
of SIMS.

Therefore, we started to develop a fission track (FT)-TIMS technique [11, 12], which
is known to be effective for the analysis of submicron particles. The outline of
our technique is as follows. Particles were collected from a swipe sample onto

Swipe
Samples

Screening

Hot Cell
Samples

Bulk Analysis

Particle Analysis

ICP-MS

Spike

Ashing & Acid
Treatment

Chemical
Separation

Chemical
Separation

TIMS

TIMS

Spike

TXRF SIMS

Fission
Track

Bulk Analysis

CLEAR
Clean room

NUCEF

Ashing & Acid
Treatmentng

Particle Recovery

Particle Recovery

Figure 1. Flow diagram of the safeguards for environmental sample analysis.
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a polycarbonate membrane filter (pore size: 0.1mm) by means of a suction pump.
The filter was dissolved in a solvent. The solution was spread on a slide glass and dried
up to make a track detector of polycarbonate films (thickness: 5–10 mm) containing the
particles, which were irradiated with thermal neutrons. The film detectors were
chemically etched, and the fission tracks formed in it were observed with a digital
microscope. A small portion of the film containing a fission track was cut off with a laser
beam and picked up onto a refined Re filament for isotope ratio measurement by TIMS.

3. Physical and chemical form estimation in practice

In the bulk analysis of the environmental samples, the techniques of estimating physical
and chemical form are less significant for the swipe samples, because the analysis
provides information on the average composition of particles in each sample.

On the other hand, the particle analysis is more meaningful. The reason is that the
particle analysis involves determination of the elemental and isotopic composition of
each particle but also its morphology. Four typical examples relating to the estimation
of physical and chemical form are introduced.

3.1 TXRF-SIMS analysis

Figure 3 shows an example of TXRF spectrum for quantitative analysis to
survey elements in whole particles recovered from a swipe sample onto a carrier.

Pu U

Sample

R
E
D
O
X

Add 15.5M HNO3 (1 mL), evaporate and dry
(Repeat 3 times)
Add 10M HCl (1 mL), evaporate and dry
Dissolve 1M HCl (3 mL) + 3M NH2OHHCl (10 µL)
Stand for more than 1 h, evaporate and dry

Dissolve in 9M HCl-0.2M HNO3 (2 mL) [U(VI), Pu(IV)]

9.5M HCl (10 mL)

9M HCl-0.1M HI (5+5 mL) [Pu(IV)→(III)]

0.5M HCl (10 mL)

Anion exchange column
Resin (MCL GEL, CA08P): 75–150 µmφ, 0.84 mL

Am/Cm, Alkaline, [Pu(III)] etc.

Figure 2. Chemical separation scheme by anion exchange.

666 S. Usuda et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
4
4
 
1
7
 
J
a
n
u
a
r
y
 
2
0
1
1



Figure 4 shows a typical mass spectrum of 3.7% enriched uranium (EU) in a single

particle and the obtained 235U/238U ratios of the particles measured by SIMS (which

means that two kinds of EU existed in the swipe sample).
Scanning electron microscope-energy dispersive X-ray analysis (SEM-EDX) is one of

the most effective and sensitive tools to determine the morphology and to estimate the

chemical composition for each particle, as shown in figure 5.

3.2 FT-TIMS analysis

The FT-TIMS technique was applied to the submicron uranium particles. Figure 6

shows an SEM image of a submicron particle, which passed through a polycarbonate

membrane filter with 1 mm pores and was collected on another filter with 0.1 mm pores.
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Figure 3. Typical TXRF spectrum of the recovered whole particles.
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Figure 4. Typical mass spectrum of 3.7% enriched uranium in a single particle (left) and the obtained
235U/238U ratios of the particles (right), measured by SIMS.
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Figure 7 shows digital microscope images of fission tracks of the submicron uranium
particles with different enrichments observed on polycarbonate films. The fission track
method is the most sensitive for distribution detection of fissile materials, such as 235U
and 239Pu. Furthermore, the enrichment of each submicron uranium particle might be
roughly estimated by observing the images of fission tracks.
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Figure 5. EDX spectrum and SEM image of a single particle.
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Figure 6. SEM image of a submicron particle.
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Figure 7. Digital microscope images of fission tracks of the submicron uranium particles, formed on
polycarbonate films (left: natural U; middle: 10% EU; right: 35% EU).
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At present, the applicability of TIMS to the measurement of isotope ratios of the
submicron uranium particles is being investigated. Figure 8 shows analytical results on
submicron particles for a working standard of EU (NBS U010, 235U/238U: 0.01014).

3.3 Hot-particle detection

Hot particles were surveyed efficiently with IP (imaging plate: BAS-TR2040 for tritium
detection), thus enabling us to detect particles with ultra-low level radioactivity
in a large aria (200� 400mm2), simply by exposing the IP over samples [13].

Figure 9 shows the distribution of hot particles in the Chernobyl soil sample obtained
with the IP, which was exposed for about 1 h in a shield Pb box. The hot particles could
be easily found in the positions where the IP was exposed strongly to turn black
(dark portions in the image).

Figure 10 shows an EDX spectrum and SEM image of a single hot particle in the soil
sample, which revealed that the hot particle was composed of uranium (the Au peaks
observed are from a gold coating (0.06mg cm�2) over the sample, used to avoid the
electrostatic effect). On the other hand, � emitters, such as 239þ240Pu and 238Pu
(þ241Am), were detected by �-ray spectrometry on the particle, as shown in figure 11.
That is, the hot particle also contained plutonium, which played a major part
in radioactivity but a minor part in the elemental component.

3.4 Search for traces of the Nagasaki atomic bomb

Traces of the Nagasaki atomic bomb recorded in sediments at Nishiyama reservoir have
been investigated as one of the applications of ultra-trace analysis. The reservoir
is located about 3 km east of the hypocentre and experienced the ‘black rain’ just after
the bombardment. Bulk analysis of the sediments revealed that the 240Pu/239Pu ratios
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Figure 8. TIMS analytical result on submicron particles of the EU working standard (NBS U010,
235U/238U: 0.01014).
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were approximately 0.03, which is quite different from the global fallout value of 0.18,

and it was concluded that these originated from the atomic bomb [14].
While we could not find any hot particles using the radiometric method mentioned

above, several particles of metallic copper and its alloy were observed with SEM-EDX

in sediments at a certain depth, which had a high plutonium content. Figure 12 shows

an EDX spectrum and SEM image of an example of the metallic copper particles.

Since the chemical form of copper in nature is CuFeS2, Cu2S, Cu2CO3(OH)2, and so on,

these metallic particles are artificial and might be supporting evidence for traces of the
atomic bomb.

1 mm

Figure 9. Radioactivity distribution in the Chernobyl soil, observed by IP.
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Figure 10. EDX spectrum and SEM image of a single hot particle in the Chernobyl soil.
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4. Possible analytical methodologies

4.1 Chemical analysis

In an ultra-trace bulk analysis of environmental samples, differences in chemical

behaviour during the separation process, such as ion exchange and extraction

chromatography, will provide significant information on the speciation in the same

way as ‘single atom chemistry’ details the chemical properties of super-heavy

elements [15].
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Figure 11. �-ray spectrum of the single hot particle in the Chernobyl soil.
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Figure 12. EDX spectrum and SEM image of a metallic copper particle in Nishiyama sediment at a depth
of 227 cm.
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In the case of the anion-exchange separation shown in figure 2, for example, Pu(III) is
eluted into the Am/Cm fraction, and then Pu(IV) is reduced to Pu(III) with HI to be
eluted into the Pu fractions, unless the reduction–oxidation (REDOX) process is
applied. If we use 4M HCl solution instead of 9M HCl–0.1M HI eluent for Pu(IV),
Pu(VI) may be recovered in the U(VI) fraction with 0.1M HCl eluent.

4.2 Instrumental analysis

Instrumental methods, such as the electro-probe micro analysis (EPMA), photo-
thermal spectroscopy, X-ray fluorescence, X-ray microscopy, nuclear magnetic
resonance (NMR), and spectrophotometry, will help to directly estimate the physical
and chemical form. Especially, techniques developed and/or under development in the
field of high-energy photon and synchrotron radiation science will be utilized as
promising tools for environmental nanotechnology [16–18].

For the purpose of determining chemical composition of nuclear materials, analysis
of light elements as well as heavy elements is meaningful. As an example, the existence
of fluorine in a nuclear particle provides important information from the viewpoint of
safeguards, as described in section 1. However, it is difficult to analyse fluoride complex
in practical fine particles. Besides SEM-EDX, analysis of trace fluorine is possibly
performed by instrumental neutron-activation analysis (INAA) using the reaction
of 19F(n, �)20F (T1/2: 11 s, sensitivity: 10–2 – 100 mg) [19], by detection of 19F(�, n)
18F (T1/2: 110min, sensitivity: 10–3 – 10–1 mg), and also by atomic absorption spectro-
photometry (sensitivity: subnanogram) [20].

4.3 Preparation of reference particles

The authors would like to emphasize the necessity for reference particles of submicron
sizes for reliable estimation of the physical and chemical forms, such as the
morphology, and isotopic and elemental composition, for ultra-trace nuclear materials.
Therefore, we have applied a technique using a vibrating-orifice aerosol generator
to prepare uranium reference particles of a definite size with a fixed isotopic and
elemental composition [21].

Preliminary tests with a solution of lead-isotopic reference materials successfully
produced mono-disperse lead particles. Figure 13 shows an SEM image of the particles
obtained. An EDX spectrum was measured for one of the particles (figure 14); from
this, its chemical composition was found to be PbO2. Such a technique will be
applicable to the uranium and plutonium reference particles, which are of great value
for accurate calibration in isotope ratio measurements and quantitative analysis for
individual particles in practice.

5. Conclusions and future perspectives

Ultra-trace analytical techniques for both bulk and particle analysis of uranium and
plutonium in environmental samples have been investigated at JAERI to help
strengthen safeguards. In the bulk analysis, chemical purification and ICP-MS
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produced satisfactory results for determining the concentrations and isotope ratios.
In particle analysis, the TXRF-SIMS technique was excellent for uranium particles
with diameters of more than 1 mm, whereas the FT-TIMS technique has been developed

for submicron particles.
As a means to estimate the physical and chemical form of the nuclear materials,

mass spectrometry, such as ICP-MS, TIMS, and SIMS, was efficient by combining
techniques and providing information on chemical behaviour. Radiometric methods,

1 µm

Figure 13. SEM image of lead oxide particles.
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Figure 14. EDX spectrum of a lead oxide particle.
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such as IP and �-ray spectrometry, were sensitive for determining short-lived nuclides.
SEM images and EDX spectra were powerful measures for estimating the morphology
and elemental composition of fine particles. The FT method was also a sensitive
technique for detecting fissile materials.

Such methodologies are useful for detecting current and past nuclear activities and
will help to determine the origin and migration behaviour of the ultra-trace nuclear
materials in the environment. As a future work, we will attempt to establish more
sensitive and reliable methodologies, such as X-ray fluorescence using a synchrotron
radiation source. In addition, for quantitative estimation, it will be indispensable
to prepare nuclear reference materials of submicron particles.

The methodologies introduced in this article are meaningful and attractive
technologies for a quantitative discussion of trace-element characterization.
The techniques developed are expected to be applied not only to the environmental
sample analysis for safeguards but also to basic research on environmental, cosmo- and
geo-sciences.
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