
INTRODUCTION

The isotopic analysis of nuclear materials in environmental

samples is greatly useful to provide crucial information about

the activities that are conducted in a nuclear facility1. The

analytical results may have a social impact; hence the analysis

requires a high grade of accuracy and precision, which is partly

ensured by utilizing thermal ionization mass spectrometry2.

However, the infinitesimal quantity of the samples makes the

isotope measurement very challenging. Background inter-

ference is one of the problems because the environment contains

considerable amounts of uranium. In general, background

interference is not considered to be a significant interference

factor. However, the importance of the background contri-

bution gradually increases up to the point where it results in a

significant bias to the isotope ratio measurement as the quantity

of target materials becomes smaller. The use of ultra-pure

reagents and a degassing process for the thermal ionization

mass spectrometry filaments prior to sample loading signifi-

cantly reduced the detection of the background uranium3,4.

Recently, a statistical method was developed to correct the

peak tailing backgrounds for enhancing the accuracy in

measuring the isotope ratios of uranium5.

Another problem arises when the amounts of samples are

close to the limit of detection of the measurement techniques.
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It must be noted that a micro-particle that is used for nuclear

safeguards purpose usually contains only a few pg of uranium

and/or a few hundred fg of plutonium. In this case, the analy-

tical precision hardly meets the requirements with employing

a normal peak jumping (or, called, SEM-jumping) method,

which varies the magnetic field to detect the corresponding

isotopes one by one, due to insufficient valid data points. To

make the best use of the limited quantity of sample for enhanced

precision, a simultaneous measurement of the isotopes of

interest adopting a multiple ion counter system is required6.

In this study, isotopic ratios of uranium and plutonium in

standard samples at ultra-trace levels were determined with

simultaneous isotopic measurements using a thermal ionization

mass spectrometry that was equipped with a multiple ion

counter. Micro-particles of a standard uranium sample were

also used as target samples. Reference measurements were

conducted before and after the sample measurements to adjust

the detector yield and to correct mass biases. The applicability

of the simultaneous measurements was evaluated by comparing

the measured ratios with the certified values.

EXPERIMENTAL

The experimental setup for isotopic measurements using

thermal ionization mass spectrometry (TRITON, Thermo

Scientific) was described in detail elsewhere3-5. A double
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filament assembly consisting of two filaments was used to

decouple the evaporation and the ionization of the samples.

Prior to sample loading, the filaments that were prepared

from zone-refined rhenium ribbon (0.04 mm and 0.7 mm in

thickness and width, respectively, Thermo Scientific) were

degassed under a vacuum (~10-7 mbar) at 4.5 A for 60 min.

Approximately 5 pg of a uranium standard material, U030

and 1 pg of a standard plutonium material, REIMEP-16A, were

loaded onto the filaments with a 1 µm of aliquot of uranium or

plutonium solution.

U030 powder for single particle loading was dispersed

on a carbon planchet and then introduced in a scanning electron

microscope (JSM-6610LV, JEOL) equipped with an energy

dispersive X-ray spectrometer (X-Max, Oxford) for particle

screening by elemental analysis. The identified micro-particles

of the U030 powder with a size of approximately 2 µm in

diameter were then loaded on the filaments using a microma-

nipulation system implemented within the SEM setup.

The samples that were loaded onto the filaments were

dried and fixed at 0.6 A and 1.8 A, respectively. These samples

were then paired with additional filaments for ionization,

followed by loading into the thermal ionization mass spectro-

metry instrument for measurement. The continuous heating

method7 was applied, where data were collected by gradually

increasing the current in the evaporation filament to 4500 mA.

The multiple ion counter system consisted of 8 channeltrons,

where approximately 2 kV was applied for ion-electron

conversion and the amplification of electron signals. The

multiple ion counter configurations that were used for the

simultaneous measurements of the uranium and the plutonium

isotopes in this study are shown in Table-1.

TABLE-1 
MULTIPLE ION COUNTER CONFIGURATIONS FOR 

SIMULTANEOUS MEASUREMENTS 

Element IC3 IC4 IC5 IC6 IC7 

Uranium 
234

U 
235

U 
236

U  
238

U 

Plutonium 
238

Pu 
239

Pu 
240

Pu  
242

Pu 

 
The detection efficiency of each channeltron was deter-

mined using the following equation to regulate the transduced

ion signals by using approximately 5 mV of rhenium ion flux

prior to sample measurements.

)mV/cps(62500)mV(Intensity·Faraday

)cps(Intensity·nChanneltro
Efficiency

×

=

The mass bias corrections of the uranium and plutonium

isotopic ratios were made based on the isotopic measurements

of the reference materials. NIST U010 was used for uranium,

while IRMM290A1 was used for plutonium. Mass bias

correction factors (C) were calculated as the following:

 C = Rcert / Rmeas

where Rcert and Rmeas are the certified and the measured isotope,

respectively.

RESULTS AND DISCUSSION

Determination of uranium isotope ratios: Table-2 shows

the determination of the isotopic ratios of uranium in 5 pg

samples of U030 by the simultaneous measurement method

(MIC) and the SEM-jumping method using thermal ionization

mass spectrometry. The certified isotopic ratios of the standard

materials were also shown to evaluate the accuracy of the

measurements. The maximum signal intensities of 234U, 235U,
236U and 238U were approximately 5, 900, 5 and 30,000 cps,

respectively.

TABLE-2 
ISOTOPIC MEASUREMENT RESULTS OF U030  

SAMPLES USING MIC AND SEM JUMPING 

 n(234U)/n(238U) 

(× 10-4) 

n(235U)/n(238U) 

(× 10-2) 

n(236U)/n(238U) 

(× 10-4) 

Certified 1.96 [±0.01] 3.143 [±0.005] 2.10 [±0.01] 

Meas. #1 (MIC) 1.92 [±0.05] 3.165 [±0.010] 2.21 [±0.07] 

Meas. #2 (MIC) 1.99 [±0.04] 3.140 [±0.011] 2.05 [±0.08] 

Meas. #3 (MIC) 1.99 [±0.05] 3.133 [±0.011] 2.08 [±0.06] 

Meas. #4 (SEM) 2.11 [±0.09] 3.173 [±0.018] 1.84 [±0.10] 

*Numbers in parentheses indicate expanded uncertainties U = k·uc and 
k = 2 

 
The accuracy of the measurements was less than 2 % when

using the simultaneous measurement (Meas. #1 to #3), while

a greater deviation from the certified value was observed when

the SEM-jumping method was used (Meas. #4). In addition,

the uncertainty, which corresponds to the measurement preci-

sion, was increased by approximately 2 times when the SEM-

jumping method was used. This discrepancy originates from

the loss of valid data set when the SEM-jumping method was

used, as only one target isotope could be detected by SEM

each time, resulting in the wastage of other isotopes. For

example, 234U, 235U and 236U were annihilated when the

magnetic field focused 238U to the SEM (secondary electron

multiplier) in jumping mode, which reduced the quantity of

valid data by 4 times. The measurement accuracy and precision

is not heavily influenced when the sample amount is relatively

sufficient; however, the deviation is increased when small

sample quantities are used, as in the case of this study.

The isotope ratios of uranium in the micro-particles were

determined using the simultaneous measurement method as

shown in Table-3. The quantity of uranium in a 2 µm particle

was estimated to be 30 pg based on the assumption that the

particle consisted of uranium oxides. The measurement

accuracy was reasonable while the precision was enhanced in

comparison with the measurement of the 5 pg U030 samples

because of the increased uranium amount.

TABLE-3 
ISOTOPE MEASUREMENT RESULTS OF THE U030  

MICRO-PARTICLES USING MIC 

 n(234U)/n(238U) 

(× 10-4) 

n(235U)/n(238U) 

(× 10-2) 

n(236U)/n(238U) 

(× 10-4) 

Meas. #5 2.00 [±0.04] 3.149 [±0.006] 2.16 [±0.04] 

Meas. #6 1.97 [±0.07] 3.144 [±0.009] 2.19 [±0.07] 

Meas. #7 2.01 [±0.03] 3.133 [±0.008] 2.11 [±0.03] 

Meas. #8 2.02 [±0.02] 3.149 [±0.003] 2.18 [±0.02] 

*Numbers in parentheses indicate expanded uncertainties U = k·uc and 
k = 2 

 
Determination of plutonium isotope ratios: The isotope

measurement results of the 1 pg REIMEP-16A samples using

multiple ion counter are summarized in Table-4. The measu-

rements of n(240Pu)/n(239Pu) and n(242Pu)/n(239Pu) were
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in good agreement with the corresponding certified isotopic

ratios, which implies that the simultaneous measurement can

estimate the isotope ratios of plutonium in an unknown sample

with a high reliability, even though the uncertainty was greater

than the uncertainty of the uranium measurements that were

described previously.

TABLE-4 
ISOTOPE MEASUREMENT RESULTS OF  

REIMEP-16A SAMPLES USING MIC 

 n(238Pu)/n(239Pu) 

(×10-5) 

n(240Pu)/n(239Pu) 
(×10-1) 

n(242Pu)/n(239Pu) 

(×10-4) 

Certified 7.49[±0.72] 6.5745[±0.0091] 4.164[±0.0069] 

Meas. #9 6.8[±0.2] 6.548[±0.013] 4.5[±0.4] 

Meas. #10 6.4[±0.9] 6.605[±0.046] 4.5[±0.2] 

Meas. #11 10.0[±0.4] 6.565[±0.035] 4.4[±0.7] 

*Numbers in parentheses indicate expanded uncertainties U = k·uc and 
k = 2 

 
However, a considerable deviation in the measurement

of n(238Pu)/n(239Pu) was observed. This deviation is a result of

the low signal intensity of 238Pu, which corresponded to less

than 2 cps, as well as the interference of 238U background

signals from the rhenium filament. It must be noted that the

minimized background of 238U by the filament degassing

process could not be less than 1 cps3, resulting in the limit of

detection of 238Pu to be approximately 1 cps.

Conclusion

The isotope ratios of uranium and plutonium in the U030

and the REIMEP-16A samples were determined by simulta-

neous measurements utilizing a thermal ionization mass

spectrometry equipped with an multiple ion counter system.

The measurements of the isotope ratios were in excellent agree-

ment with the corresponding certified values, which implies

that the thermal ionization mass spectrometry measurement

using multiple ion counter can estimate the isotope ratios of

infinitesimal contents of uranium and plutonium in unknown

environmental samples with high accuracy and precision.
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