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Abstract: Isotopic analysis using thermal ionization mass spectrometry coupled with scanning electron microscopy (SEM-
TIMS) was performed to determine the isotopic ratios of uranium contained in micro-particles in the 6th Nuclear Signatures
Interlaboratory Measurement Evaluation Programme (NUSIMEP-6) sample. Elemental analysis by energy dispersive X-ray
spectroscopy (EDS) was conducted on uranium-bearing mirco-particles, which were transferred to rhenium filaments for TIMS
loading using a micromanipulation system in a SEM. A multi-ion-counter system was utilized to detect the ion signals of the
four isotopes of uranium simultaneously. The isotope ratios of uranium corrected by bracketing using a reference material
showed excellent agreement with the certified values. The measurement accuracy for n(234U)/n(238U) and (b) n(235U)/n(238U) was
10% and 1%, respectively, which met the requirements for qualification for the NetWork of Analytical Laboratories (NWAL). 
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Introduction

Highly accurate and precise isotopic analysis of nuclear

materials in environmental samples plays an important role

in monitoring the nuclear activity of a related facility for

nuclear safeguards purpose.1,2 Authorized inspectors collect

the nuclear material samples from the environment of a

facility, which are called “swipe samples”. The swipe

samples may be subjected to two different types of analysis

for nuclear safeguards depending on the analytical

objectives: bulk analysis and particle analysis. The total

amount and the overall isotopic ratios of the nuclear

materials contained in a swipe sample are determined by

bulk analysis. This process consists of the recovery of the

nuclear materials from a swipe sample; the acid digestion

of the recovered materials; the chemical separation of

uranium, plutonium, and the other elements; and isotopic

measurement generally using a mass spectrometer with

high sensitivity. An isotope dilution mass spectrometry

(IDMS) technique with a spiked reference material added

to a portion of the sample is used for the quantification of

uranium and/or plutonium. The typical amounts of nuclear

materials in a swipe sample are approximately 10 ng of

uranium and/or 10 pg of plutonium. The information from

the bulk analysis provides a rough clue to the existence of

undeclared nuclear activities.

In contrast to the bulk analysis, particle analysis enables

the acquisition of the isotopic ratios of uranium and/or

plutonium in the individual particles contained in a swipe

sample, which provides decisive information with which to

track the nuclear history of a facility. Particle analysis

requires a series of procedures consisting of particle

recovery, target particle identification (or screening),

particle handling, and isotopic measurements. 

Particle analysis can be performed using the three

different mass spectrometry techniques such as secondary

ionization mass spectrometry (SIMS), thermal ionization

mass spectrometry coupled with a fission track technique

(FT-TIMS), and thermal ionization mass spectrometry

coupled with a scanning electron microscopy technique

(SEM-TIMS). The main criterion for the classification is

how the target particles are found, which is a required

process because most particles in a swipe sample are not

particles bearing nuclear materials but rather non-nuclear

dust consisting mainly of carbon. 

In the SIMS technique,3,4 the particles in a swipe sample

are collected in an electrically conductive carbon planchet

by vacuum impaction followed by loading in the mass

spectrometer. An automatic particle search function with

low intensity of the primary ion beam irradiation

determines the location of the target particles, and then, the

isotopic measurement is performed directly on them. The

SIMS technique is simple, but the screening and the

measurement sensitivity are low compared to those of FT-

TIMS and SEM-TIMS. 

The particles are recovered in a micro-porous filter by

vacuum impaction in the FT-TIMS technique. Few

additional processes are required to prepare a particle layer

with an FT detector, to irradiate the thermal neutron from a

nuclear reactor inducing the fission of nuclear materials,

and to identify the location of target particles by searching

the fission tracks on the detector.5,6 Delicate micromani-
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pulation is performed to transfer the particle- bearing layer

to a measurement device; this is followed by isotopic

measurements of the loaded particles utilizing a thermal

ionization mass spectrometer (TIMS). The FT-TIMS

technique is the most sensitive, accurate, and precise in

terms of particle screening and isotopic measurement.

However, the procedure is complicated relative to other

techniques, and a nuclear reactor is required for the thermal

neutron irradiation. 

The particle recovery process used for the SIMS

technique is also adopted for the SEM-TIMS technique.

The planchet containing the collected particles is loaded

into a secondary electron microscope (SEM) equipped with

an energy dispersive X-ray spectrometer (EDS) and a

micromanipulation system. Elemental analysis of the

particles using EDS is performed to find the target particles,

followed by the transfer of a particle into the TIMS for

isotopic measurement. SEM-TIMS compensates for the

disadvantages of SIMS and FT-TIMS by adopting a simple

particle screening process and a sensitive, accurate, and

precise isotopic measurement by TIMS. Therefore, it

excludes the need for a nuclear reactor, and it relatively

quickly obtains a final result with high accuracy and

precision. 

The Nuclear Signatures Interlaboratory Measurement

Evaluation Programme (NUSIMEP) facilitates interlaboratory

comparison among laboratories that perform uranium

analyses. The 6th NUSIMEP (NUSIMEP-6) was opened in

2008, focusing on the measurement of uranium isotope ratios

in sub-micrometer uranium particles. Although the Korea

Atomic Energy Research Institute (KAERI) did not

participate, the sample was acquired once the program

completed for self-test purposes.

In this paper, the isotopic analysis of the NUSIMEP-6

sample using the SEM-TIMS technique is described. A SEM

equipped with an EDS was utilized to identify the uranium

particles by elemental analysis. Micromanipulation of

individual target particles was performed to load them into a

TIMS for isotopic measurements. The multi-ion-counter

system in the TIMS allowed us to detect four isotopes of

uranium contained in the particles simultaneously and

demonstrated excellent agreement between the measured

isotope ratios and the certified values.

Experimental

The planchet containing the NUSIMEP-6 particles was

introduced into a SEM (JSM-6610LV, JEOL) equipped with

an EDS (X-Max, Oxford) for particle screening by elemental

analysis. As shown in Figure 1, the microprobe of a three-

axis micromanipulator system (MM3M-EM, Kleindiek

Nanotechnik) picked up an identified target particle from the

planchet (a) and transferred it onto a zone-refined rhenium

filament (Thermo Scientific) in which the uranium

background was minimized (b, c).7 The particle sample was

fixed on the filament by adding 1 µL of 1 M HNO3 and

applying 1.8 A of current using a fixing device (d). 

The experimental setup for the isotopic measurements

using a TIMS (TRITON, Thermo Scientific), the detector

configuration, and the adjustment of the detection

efficiency of individual ion counters were described in

detail elsewhere.7,8,9 Four channeltrons in a multiple ion

counter (MIC) system were used to detect the ion signals of

the four isotopes of uranium simultaneously.

The mass bias and background signal intensity were

corrected using the bracketing technique. A bracketing

correction factor (Cb), which was determined by the

isotopic measurement of a reference material (NIST U010),

was applied to the isotopic measurements of the particle

samples as follows:

Cb= Rcert_ref/Rmeas_ref (1)

Rcor = Cb · Rmeas (2)

where Rcert_ref and Rmeas_ref are the certified and the

measured isotope ratios of the reference material,

respectively, and Rcor and Rmeas are the corrected and the

measured isotope ratios of the samples, respectively. For

bracketing, the ion signal intensity of U-238 in the

measurement of the reference material was regulated to

approximately 10,000 cps, which was comparable to the

actual measurement of a NUSIMEP-6 particle. 

A double-filament system, which decouples the evaporation

and the ionization of the sample, was adopted with the

continuous heating method.10 The weights for the individual

data sets were considered to calculate the weighted mean and

the weighted standard error of the isotopic measurements. The

uncertainty was estimated according to GUM (Guide to the

expression of Uncertainty in Measurement).11

Figure 1. Micromanipulation of a uranium particle. Particle pick

up (a), transfer (b) and loading (c) to a rhenium filament. SEM

image after fixing (d).
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Results and Discussion

Figure 2 (a) shows the SEM image of a porting of the

NUSIMEP-6 sample. A considerable number of micro-

particles, mostly sub-micron in diameter, were observed in

the image. However, only the particle circled in the figure

were identified as the particles bearing uranium by the

uranium mapping(Figure 2 (b)). Elemental analysis by the

localized EDS was performed on individual particles

resulting in the intense M-α line at approximately 3.2 and

3.3 keV from the particles in the circles (Figure 3), but no

such spectrum was obtained from the other particles.

However, this does not mean that the other particles were

excluded from the nuclear particles because the elemental

analysis by EDS is not sufficiently sensitive for micro-

particles with sub-micron sizes. Additional nuclear particles

could have been identified using the FT technique, but this

would have required further processing, including thermal

neutron irradiation, and at least several additional days. 

Assuming that the chemical forms of uranium in the

particles are uranium oxides, such as UO2 or U3O8, the

amount of uranium in a particle of 0.6 µm average size, is

estimated to be approximately 1 pg. For the measurement

of the sample in ultra-trace amounts, the accuracy and the

precision of the TIMS measurements were greatly

enhanced when the simultaneous measurement method was

used rather than the multi-dynamic measurement, as

discussed previously.9 Therefore, instead of Faraday cups

and a secondary electron multiplier, a MIC system of the

TIMS was utilized for the isotopic measurement of the

target particles with sub-micron sizes. 

Table 1 shows the isotopic ratios (n(234U)/n(238U) and

n(235U)/n(238U)) of uranium in the screened uranium

particles of the NUSIMEP-6 sample. The values of n(236U)/

n(238U) were not listed due to the extremely low abundance

of U-236, which was on the order of 10−7. The certified

values of each ratio are also shown in the table. 

The accuracy, defined as the deviation from the certified

values, was within 10% and 1% for n(234U)/n(238U) and

n(235U)/n(238U), respectively. Considering the guidelines of

the International Atomic Energy Agency (IAEA), the

accuracy met the requirement for qualification for the

NetWork of Analytical Laboratories (NWAL) for analysis

of particle environmental samples using FT-TIMS. It is

noted that the amounts of U-234 and U-235 in a particle are

estimated to be 40 ag and 7 fg, respectively. 

The analytical results are plotted in Figure 4, along with

the certified values (in dashed line). The measured isotopic

ratios were in agreement with the certified values within the

uncertainties. 

Although the channeltrons in the MIC system offer great

performance for the simultaneous measurement of the

nuclear materials at ultra-trace levels, a considerable lack of

Figure 2. SEM image of a portion of the NUSIMEP-6 sample

(a) and the uranium mapping image by EDS (b).

Figure 3. The EDS spectrum of an identified uranium particle in

the NUSIMEP-6.

Table 1. Uranium isotope ratios of the NUSIMP-6 micro-

particles

n(234U)/ n(238U) n(235U)/ n(238U)

Certified Value 0.000 049 817(48) 0.007 043 9(35)

Particle #1 0.000 048(10) 0.007 03(10)

Particle #2 0.000 047(10) 0.007 09(14)

Particle #3 0.000 044(14) 0.007 11(21)

Particle #4 0.000 045(14) 0.007 05(10)

Particle #5 0.000 051(22) 0.007 04(17)

Particle #6 0.000 044(11) 0.006 99(16)

Numbers in parentheses indicate expanded uncertainties U = k·uc



Jong-Ho Park, Sujin Park, and Kyuseok Song

54 Mass Spectrom. Lett. 2013 Vol. 4, No. 3, 51–54

stability was observed. Because the detection efficiency of

the channeltrons decreased relatively quickly, the reference

measurements for bracketing needed to be performed prior to

every measurement. Recently, a new TIMS with different

types of ion counters, which offer greater stability than the

channeltrons, was installed in KAERI. Further studies and

measurements of micro-particles will be conducted using the

new multi ion counter system, which is expected to have

higher accuracy and precision than the current study.

Summary

The SEM-TIMS technique was used for the isotopic

analysis of uranium-bearing micro-particles contained in a

NUSIMEP-6 sample. To identify target particles, elemental

analysis using a SEM-EDS was performed on the planchet

sample. Delicate micromanipulation of the identified

particles enabled us to load them on TIMS filaments.

Because the individual particle contained an ultra-trace

amount of uranium, approximately 1 pg, the simultaneous

measurement method was adopted for the isotopic

measurement to enhance the accuracy and the precision.

The measurement accuracy was 10% and 1% for n(234U)/

n(238U) and (b) n(235U)/n(238U), respectively, which showed

excellent agreement with the certified values.

Acknowledgements

The authors acknowledge the financial support for this

study from the Nuclear Safety and Security Commission of

the Korean government.

References

1. Donohue, D. L. J. Alloy Compd. 1998, 271-273, 11.

2. Heumann, K. G.; Eisenhut, S.; Gallus, S.; Hebeda, E. H.;

Nusko, R.; Vengosh, A.; Walczyk, T. Analyst 1995, 120,

1291.

3. Esaka, F.; Magara, M.; Lee, C. G.; Sakurai, S.; Usuda, S.;

Shinohara, N. Talanta 2009, 78, 290.

4. Esaka, F.; Magara, M.; Suzuki, D.; Miyamoto, Y.; Lee, C.

G.; Kimura, T. Mass Spectrom. Lett. 2011, 2, 80.

5. Lee, C. G.; Iguchi, K.; Esaka, F.; Magara, M.; Sakurai, S.;

Watanabe, K.; Usuda, S. Jpn. J. Appl. Phys. 2006, 45,

294.

6. Esaka, K. T.; Esaka, F.; Inagawa, J.; Iguchi, K.; Lee, C.

G.; Sakurai, S.; Watanabe, K.; Usuda, S. Jpn, J. Appl.

Phys. 2004, 43, L915-L9164. 

7. Park, J.-H.; Choi, I.; Song, K. Mass Spectrom. Lett. 2010,

1, 17.

8. Park, J.-H.; Choi, I.; Park, S.; Lee, M.; Song, K. Bull.

Korean Chem. Soc. 2012, 32, 4327.

9. Park, J.-H.; Jeong, K.; Song, K. Asian J. Chem. 2013, 25,

7061.

10. Suzuki, D.; Kokubu, Y. S.; Sakurai, S.; Lee, C. G.;

Magara, M.; Iguchi, K.; Kimura, T. Int. J. Mass.

Spectrom. 2010, 294, 23.

11. Bürger, S.; Essex, R. M.; Mathew, K. J.; Richter, S.;

Thomas, R. B. Int. J. Mass Spectrom. 2010, 294, 65.

Figure 4. Uranium isotope ratios of NUSIMEP-6 micro-

particles; (a) n(234U)/n(238U), and (b) n(235U)/n(238U).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


