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ABSTRACT

A ThermoFisher “Triton” multi-collector thermal ionization mass spectrometer (MC-TIMS) was evaluated
for trace and ultra-trace level isotope ratio analysis of actinides (uranium, plutonium, and americium),
fission products and geolocators (strontium, cesium, and neodymium). Total efficiencies (atoms loaded to
ions detected) of up to 0.5-2% for U, Pu, and Am, and 1-30% for Sr, Cs, and Nd can be reported employing
resin bead load techniques onto flat ribbon Re filaments or resin beads loaded into a millimeter-sized cav-
ity drilled into a Re rod. This results in detection limits of <0.1 fg (10* atoms to 10° atoms) for 239-242+244py,
233+236 241-243 A 89905y and 134135137Cs, and <1 pg for natural Nd isotopes (limited by the chemical
processing blank) using a secondary electron multiplier (SEM) or multiple-ion counters (MICs). Relative
standard deviations (RSD) as small as 0.1% and abundance sensitivities of 1 x 10° or better using a SEM are
reported here. Precisions of RSD ~0.01-0.001% using a multi-collector Faraday cup array can be achieved
at sub-nanogram concentrations for strontium and neodymium and are suitable to gain crucial geoloca-
tion information. The analytical protocols reported herein are of particular value for nuclear forensic and

nuclear safeguard applications.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Various analytical methods have been developed and are being
utilized by laboratories around the world to meet the challenge of
providing increasingly sensitive, precise, and accurate information
in actinide and fission product research. This includes questions
posed by nuclear forensic investigations and the attribution of
illegally trafficked nuclear material (“nuclear smuggling”) and
nuclear safeguards [1-5], bioassay [6-11], environmental monitor-
ing [11-19] and post-detonation attribution and nuclear accident
analysis [20-27]. These analytical methods are also applied for
speciation of actinides and assessment of contaminated sites and
nuclear waste repositories [28-35], studies of geological and biolog-
ical cycles [36-39], search for transuranics and extinct or primordial
radionuclides in nature [40-46], burn-up and post-irradiation
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examination of nuclear fuels [47-52], reactor fuel performance
[53,54], as well as determination of half-lives [55-57] and ioniza-
tion potentials [58-62], metrology [63-65], and nuclear structure
research [66,67].

In the nuclear forensic context, isotopic composition
[1,2,4,68-77] is of primary concern, in addition to the determina-
tion of physical parameters (including roughness, microstructure,
geometry) [2-4,78-80], chemical structure (e.g., mineralogical
structure, metallurgical information, oxidation states) [81-83],
impurity and analyte content [2,3,77,78,84-87], geolocation signa-
tures (e.g., host rock, climate) [3,88-91], or age since last chemical
treatment [3,90,92-96]. Isotope ratio analysis can be particularly
useful in revealing the origin and history of nuclear materials. As
can be seen in Table 1, the knowledge of the isotopic composition
of uranium or plutonium can provide information about the
source of the material. Additionally, the isotopic composition of
elements like strontium, neodymium, lead, and stable isotopes
(H, C, N, O, and S) encodes details about the geographic prove-
nance and potentially the geographic origin; it is being utilized
in a variety of scientific fields including forensic investigations
[88,91,97-103]. Isotope ratio analysis of various fission products
can, for example, provide useful information on the burn-up
of nuclear fuels [3,47,48]. Isotope dilution techniques (spiking)
permit highly accurate determination of elemental concentrations
[104-106] and radioactive tracers can be used, for example, to
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Table 1

Isotopic composition (in atom percent) of uranium and plutonium originating from different sources; #initial core enrichment; *uranium materials with U-235 enrichments
of significantly less than 90% can be used to build fission weapons; ®Oralloy = Oak Ridge Alloy.

Uranium source 2] 2] 2R 2] 2]
Natural uranium (NU) [65,72,73,166,167] 0.0050-0.0059 0.7198-0.7207 108 to 10~ 99.2739-99.2752
Depleted uranium (DU) [168] <0.7
Low enriched uranium (LEU) [168] >0.7 and <20
High enriched uranium (HEU) [168] >20
Weapon-grade uranium/Oralloy® [3] > 90%/~93.5
Western type pressurized water reactor (PWR)* [169] 1.3-5(9)
Russian type pressurized water reactor (VVER)* [169] 1.5-4.4
Boiling water reactor (BWR)* [169] 0.7-3.7
MAGNOX* [169] Natural
Pressurized heavy water reactor (PHWR)# [169] Depleted to 1.5
Russian type light water graphite reactor (RBMK)* [169] 1.8-2.4
Plutonium source 238py 239py 240py 241py 242py
Global fallout, northern hemisphere (average) [170] 83.5 15.0 1.2 0.3
Medical grade 238Pu [171] 90.4 9.0 0.6 0.3 0.1
Light water reactor (LWR)
20 GWd/t burn-up 0.5 73.5 20.0 5.0 1.0
30 GWd/t burn-up 1 60 22 13 4
60 GWd/t burn-up [171] 44 463 24.9 12.7 1.7
MAGNOX, 5 GWd/t burn-up [171] 68.5 25.0 5.3 12
Chernobyl nuclear accident, 1986, environmental samples [62,172] 0.21-0.31 66.2-71.8 21.98-26.1 4.7-6.21 1.2-1.8
Weapons grade, <1 GWd/t burn-up [171] 0.04 933 6.0 0.6 0.04
Nagasaki, nuclear explosion, 1945 [25] 94.5 5.5

study natural biological cycles or environmental behavior of
actinides.

For ultra-low level isotope ratio analysis of stable isotopes
or radionuclides with long half-lives, mass spectrometry is the
most powerful analytical tool to date, as can be seen from
Table 2, which compares detection limits of various analytical
techniques. While extremely low detection limits are possible via
ion counting for radioisotopes with comparably short half-lives,
the lowest detection limits for radionuclides with comparably
long half-lives however have been demonstrated using Faraday
cup multi-collector sector-field mass spectrometry (see Table 2),
as well as highest precisions in isotope ratio measurements
[107].

Thermal ionization mass spectrometry (TIMS) [72,108-112],
inductively coupled plasma mass spectrometry [113-120], sec-
ondary ion mass spectrometry (predominately for particle or
surface analysis) [71,54], accelerator mass spectrometry (predom-
inately for high abundance sensitivity analysis) [10,121-124], and
resonance ionization mass spectrometry (high elemental selectiv-
ity) [19,125-128] are frequently utilized for analysis of actinides
and other radionuclides. Glow discharge mass spectrometry has
been used for isotope ratio analysis of actinides, such as uranium
[129-131], as well as fission-track TIMS for particles [132]. Nano-
second laser ablation ICP-MS [133-137] and laser ablation isotope
dilution ICP-MS [138,139] have been utilized for isotope ratio anal-
ysis of nuclear samples. New developments that are being explored
for radioanalytics include laser ablation ion storage time-of-flight
mass spectrometry [140,141] and femto-second laser ablation ICP-
MS [142,143]. Some of the applications of mass spectrometry in
nuclear research have been reviewed by DeLaeter [67] and DeLaeter
and Kurz [144].

Multi-collector sector-field mass spectrometry protocols have
demonstrated some of the lowest detection limits for isotope
ratio analysis of actinides (see Table 2) and other stable or long-
lived nuclides. Highest precisions in isotope ratio analysis are
traditionally reported using MC-TIMS instruments, with relative
standard deviations as low as 0.01% or better [107,186]. Various

methods have been developed to enhance the total/ionization
efficiency (and thus the detection limit and precision) of TIMS,
e.g., using carbon additives, benzene gas, and resin bead loads
[110,145-147,178], or platinum coating and electrodeposition
[148]. These methods aim to reduce the formation of oxides,
improve beam focus and ion transmission by reducing the spa-
tial extent of the sample load, or enhance the work function
of the ionizer materials (usually rhenium, tantalum, tungsten or
platinum).

Enhanced ion beam stability and reduced isotope mass fraction-
ation have been observed using platinum or carbon coatings [149].
Efficiency (and thus detection limit) of a TIMS system can also be
improved by replacing the conventional flat ribbon filament with a
cavity ion source (also know as crucible, i.e., a millimeter size cavity
drilled into arod, which is similar to electro-thermal vaporization or
ETV). Higher ionization efficiencies are theoretically feasible due to
the larger ratio of surface area to volume, higher operating temper-
atures, and confined geometry [150-154]. The actual contribution
to the formation of the ions by thermal ionization (enhanced by
multiple atom-wall collisions inside the cavity), electron bombard-
ment (i.e., electron-impact), and field ionization is yet unknown.
The high-temperature cavity is known to be an efficient ion source
for elements with high ionization potential (below ~7 eV; e.g., ura-
nium, plutonium, or thorium). Previous studies on uranium and
plutonium at Oak Ridge National Laboratory and the IAEA’s Safe-
guard Analytical Laboratory, Austria, showed the possibility of high
ionization efficiency when utilizing this ion source coupled to a
single-collector TIMS [155,156]. We present here an evaluation of
a cavity source-equipped ThermoFisher “Triton” multi-collector
thermal ionization mass spectrometer for trace and ultra-trace
level isotope ratio analysis of actinides (uranium, plutonium, and
americium), fission products, and geolocators (strontium, cesium,
and neodymium). We compare conventional filament techniques
with the cavity ion source, as well as different sample loading
and preparation techniques. We also assess the use of secondary
electron multiplier, multiple-ion counters, and Faraday cup multi-
collectors.
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Table 2

Detection limits of various analytical methods used for isotope ratio analysis of actinides. Note that detection limits are reported using different confidence levels and are
sometimes stated as quantification limits (see referenced papers). ¥ Combined 23°Pu and 24°Pu signal, ratio not resolved, $23°Pu and 24°Pu ratio resolved, &detection limits can

be improved using longer counting times.

Analytical method Nuclide Detection limit/g
a-Spectrometry® 22y 2.5x10°8 [113]
28 fp 22 1.3x107°; 8.1 x107° [113]
239:240py# 10-1 [113,173]
239240py$ 10- to 10-12 [174]
242py; 244py 10-13; 101 [173]
Neutron activation analysis 235y 10~ to 10-1° [175]
28y 10-1 [176]
239pu 10-13 [177]
242py; 244py 1072 t010-1; 10-" to0 10-10 [175]
AMS 236y ~10-16 [122]
239,240-244py 1077 to 10~ [10,121,123,124]
TIMS U 10-5 to 10 [70,148]
2R ) 10-17 to 1016 This work
237Np ~10-17 [15]
2392402244 by 107 to 1015 [8,10,15,70,110,159,178]
1017 to 1016 This work, [90]
Am 10-16 [70]
241-243 Am 10-17 to 1016 This work
SIMS U and Pu 109 to 10712 g/g [71]
ICP-QMS RS2 1x10-12 [113]
234-236238y 10-1 to 101 [113,114]
27Np 1x10°1 [113]
239240py 1x10-1 [113]
(MC)-SF-ICP-MS ] 10-7 [115]
ZEEZE ) 10~ to 1016 L.R. Riciputi (unpublished results)
27Np 7 x 10-16 [116]
239-242244py 10~ to 1015 [115-119], L.R. Riciputi (unpublished results)
241243 Am ~6 x 1016 [116], L.R. Riciputi (unpublished results)
RIMS 235238 <1012 [125]
237Np 16x 1013 [179]
238-242,244py) 106 to 10-15 [19,127,128]

2. Experimental and operational details
2.1. Reagents

High purity nitric acid (OmniTrace Ultra, EM Science Gibbstown,
NJ) and deionized water (18 M2 cm) were used in all chemical
procedures. Different carbon compounds suspended in organic sol-
vents (trade names ‘Aquadag/DAG’ or ‘Collodion’) were used as a
carbon additive to some analyte loads (as described below).

2.2. Certified reference materials

Certified reference materials NBL 126, NBL 137, and IRMM 42a
were used for Pu measurements, and NIST 4332d (4223a) for
Am analysis. A 233U+236U double-spike solution was used for
uranium experiments (233U/236U ~0.916; verified at ORNL with
a ThermoFisher ‘Neptune’ multi-collector (MC) sector-field (SF)
ICP-MS). NIST SRM 987 was used for Sr analysis and ICP-MS/AAS
mono-element standards for natural Cs. A conventional certified
ICP-MS/AAS mono-element standard as well as the La Jolla Nd ref-
erence material was used for natural Nd analysis.

2.3. Bead load preparation

The analyte (U, Pu, Am, Sr, Cs, or Nd) was loaded (adsorbed) onto
anion resin beads (Bio-Rad AG 1 x 8) for Puand U, cation beads (Bio-
Rad AG 50 x 8) for Sr, Cs, Py, and Am, and cation beads (Dowex 1 x 8)
for Nd and U. Resin beads were wet-sieved to produce batches of
homogeneous size (less than +30% deviation in diameter within
a batch). Typically, resin beads with diameters between 50 and

100 pm were used. A few beads (in triplicates) from each batch
were fully dissolved and analyzed by isotope dilution on a Ther-
moFisher ‘Neptune’ MC-SF-ICP-MS to determine the total analyte
amount on the beads. The amount of analyte absorbed per bead
typically varied by less than 50% (1o standard deviation) from bead
to bead within the same batch; in some cases larger bead-to-bead
variations have been observed depending on the analyte concen-
tration. To load beads onto a filament or into a cavity, usually one
single bead is confined with a few microliters of H, O for cation Bio-
Rad AG 50 x 8, 0.1 M nitric acid for cation Dowex 1 x 8, or 8 M nitric
acid for anion Bio-Rad AG 1 x 8 resin beads. The liquid containing
the bead is deposited at the base of the cavity or into the depression
of a dimpled flat ribbon filament and covered with a thin (about a
few hundred micrometers to 1 mm) layer of carbon additive. The
dimple is a V-shaped depression that is located at equal distances
from both ends of the ribbon running from edge to edge (not end
to end). The V-shaped depression is <2 mm deep and depresses
the filament at its midpoint along a length of <5mm. Samples
are air-dried under a hood. The resin bead acts as a ‘point’ source
(improving the focus), as a carbon source (improving work func-
tion and reducing the oxide formation), and as an analyte reservoir
[146].

2.4. Liquid load preparation (ribbon filament)

Strontium: Flat ribbon filament loading followed standard pro-
cedure [157], i.e,, 1 pL TaO activator was loaded onto a degassed,
single Re filament held at a current of 0.5A. About 1 L of the
Sr solution (diluted to the desired concentration) was loaded in
8 M HNO3 and progressively layered onto the “tacky” TaO on the
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filament. The filament current was slowly increased to 1.8 A over
about 1 min, then increased to a dull red glow and held for 5-10s.

Neodymium: Flat ribbon filament loading followed standard pro-
cedure [157], i.e., 1 pL H3PO4 was loaded onto a degassed, double
Re filament held at a current of 0.5A. About 1 pL of the Nd solu-
tion (diluted to the desired concentration) was loaded in 2 M nitric
acid and dried at a current of 0.5 A. The filament current was slowly
increased to 1.8 A over about 1 min, then further increased to a dull
red glow and held for 10-20 s. Parafilm was used for Sr and Nd loads
to define a small central loading space on the filament and to reduce
spreading of the liquid as the current is increased.

Uranium and plutonium: About 1 L of analyte solution (diluted
to the desired concentration) was loaded in 1-8 M nitric acid onto a
degassed single Re filament, air-dried, and afterwards covered with
a thin layer of DAG or Collodion. Parafilm was used to define a small
central loading space on the filament and to reduce spreading as the
current is increased. Alternatively, the filament loading technique
described in [157] for uranium can be used.

Americium and cesium: Analysis of Am or Cs liquid loads onto flat
ribbon filaments were not performed.

2.5. Liquid load preparation (cavity)

For cavity liquid loads of uranium, plutonium, americium, stron-
tium, cesium, or neodymium, about 0.5-2 p.L of the analyte solution
(brought up in 1-8 M nitric acid) is loaded with a micropipette tip
(Eppendorf Micropipette Geloader Tips) into a Re or Ta cavity. In
some studies, 1 pL suspended carbon was added. The cavity loads
were air-dried before mounting onto a modified TIMS sample tur-
ret.

2.6. Multi-collector thermal ionization mass spectrometer

In this study, a ThermoFisher “Triton” multi-collector TIMS was
utilized. It is equipped with nine (8 + 1) solid graphite Faraday cup
detectors (low noise 10! Q resistors), one center single discrete
dynode secondary electron multiplier (SEM), and seven multiple-
ion counters (MICs)ina 6 + 1 configuration at the outer low Faraday
cup (L4). Observed Faraday cup baseline deviations were <0.01 mV
(at 4s integration time) and SEM and MIC dark noise levels <0.01
cps (for the integrated mass range of a single isotope). The SEM is
coupled to aretarding potential quadrupole (RPQ) Iens forimproved
abundance sensitivity. A total of up to 21 sample filaments can
be loaded onto a standard “Triton” TIMS filament turret. Re fila-
ments were degassed under vacuum to 6 A using a filament bakeout
device.

2.7. Cavity procedure

The high-efficiency cavity system used here is described else-
where [90,155]. Briefly, it consists of three parts: (1) the metal
cavity, (2) two heating filaments (typically of tungsten), and (3)
an electron shield. Re, W or Ta rods with a narrow cavity (approx.
0.5 mm diameter x 10 mm depth) bored into the end of a rod of ca.
1.5 mm diameter are used (further referred to as the cavity). A total
of up to 21 cavities can be loaded into the TIMS on one modified
sample wheel. A voltage difference of —1500V is applied between
the cavity and an electron shield, ensuring that electrons emanat-
ing from the heating filaments are focused towards the cavity and
the positive ions (from the analyte) towards the electron shield.
The cavity is heated via electron bombardment (2000-3000°C).
The electrons are emitted from the tungsten filaments by applying
a current of up to 4.25A. The sample inside the cavity subse-
quently evaporates and ionizes, and the ions are introduced into the
mass spectrometer flight tube by the decreasing source lens poten-
tials and the nominal accelerator voltage of 10kV. The individual

contribution of thermal ionization (enhanced by multiple wall col-
lisions inside the cavity), electron bombardment (from the tungsten
filaments), and field ionization to the formation of the analyte ions
is currently unknown. The high-efficiency cavity source is com-
pletely interchangeable with the normal filament source within less
than 15 min.

2.8. Filament procedure

Single (dimpled) flat ribbon rhenium or tantalum filaments are
heated to the desired temperature by increasing the filament cur-
rent by typically 50-200 mA/min. Double Re flat ribbon filament
analyses of Nd were performed with a constant ionizer current of
4.5 A. When using Faraday cups, a baseline and amplifier gain cal-
ibration is performed on a daily basis; during SEM or MIC use a
dark noise calibration is performed at least weekly. A source lens
focus and peak center is conducted and optimized for every sample
at different ion beam currents before data acquisition. The source
vacuum is usually 10~7 mbar or better.

2.9. Measurement procedure

For strontium, the following Faraday cup configuration was
used: L2=384Sr, L1=85Rb, C=86Sr, H1=87Sr+87Rb, H2=88Sr. No
zoom optics was applied. All samples, sample processing blanks,
and standards were analyzed at beam intensities typically between
0.5 and 30V at mass 88Sr, depending on load size and desired preci-
sion. Typically at least 3 runs (4 s with 50 cycles) in static mode were
acquired, with each run at different (but constant) beam intensity.

For neodymium, the following Faraday cup configuration
was used: L3=140Ce, L2="42Nd, L1="43Nd, C="44Nd, H1="46Nd,
H2=147Sm, H3 = 48Nd, H4 = 15Nd. No zoom optics was applied. All
samples, sample processing blanks, and standards were analyzed
at beam intensities typically between 0.3 and 20V at #4Nd mass.
Typically at least 3 runs (4s with 50 cycles) in static mode were
acquired, with each run at different (but constant) beam intensity.

For uranium and plutonium isotope ratio analyses, the sec-
ondary electron multiplier (SEM) using peak jumping mode or the
multiple-ion counters in static mode were used. Using the SEM,
the beam is leveled to a stable beam intensity of typically <10 cps.
Then a peak jumping (magnet switching) with a 2 s acquisition time
for each isotope is performed. The peak jumping is repeated until
arequired number of acquisitions are achieved or until the sample
is totally evaporated. No results for isotope ratio measurements are
presented for cesium and americium due to non-availability of Cs
and Am isotope reference materials. However, for low-level Cs and
Am analysis the same procedure as used for uranium and plutonium
can potentially be utilized.

2.10. Data evaluation

For strontium isotope ratio analysis using multiple Faraday cups,
a value of 86Sr/88Sr=0.1194 (atom ratio) was used for internal mass
fractionation correction, and Rb-87/Rb-85=0.3860 (atom ratio) to
correct for Rb-87 interferences. An average 37Sr/®6Sr atom ratio
of 0.71028 +0.00006 (10, n>50) for NBS 987 was found over a
period of more than 18 months and multiple operators, an average
84Sr/86Sr atom ratio of 0.05649 + 0.00005 (10, n > 50). The NIST cer-
tified values are 0.71034 +0.00026 and 0.05655 +0.00014 (atom
ratio), respectively.

For neodymium isotope ratio analysis using multiple Faraday
cups, a value of 6Nd/4Nd=0.7219 was used as fractiona-
tion correction, and ¥Sm/44Sm=4.8387, 147Sm/148Sm = 1.3274,
and 7Sm/130Sm=2.0270 to correct for Sm interferences. 40Ce
was monitored but no interference correction is necessary for
the radiogenic “3Nd/4Nd atom ratio of interest. An average
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U, Re cavity (liquid load + C)

U, Re filament (Cation bead load + C)
U, Re filament {(Anion bead load + C)
[Ref. 1] U, Re cavity {bead load + C)
Am, Re filament (Cation bead load + C)
Am, Re cavity (Cation bead load + C)

100

Or mgqp*

Total efficiency / %

0.1

0.0l +——"—rmr———rr—— T — T
0.01 0.1 1 10 100 1000

Uranium or americium sampe size / pg

Fig. 1. Total efficiency (atoms loaded to ions detected) for uranium and americium
as a function of analyte sample size using different loading techniques. Shaded areas
indicate ionization efficiencies as predicated by the Saha-Langmuir equation. The
predicted efficiency for Am on Re without carbon lies between U, Re and U, Re +C.
[Ref. 1] refers to [155].

143Nd/4Nd atom ratio of 0.511862+0.000017 (1o, n>50) for
the La Jolla standard was found over a period of more than 18
months and multiple operators, an average “8Nd/'#4Nd atom
ratio of 0.241570 +£0.000015 (10, n>50). The “consensus” value is
143Nd/144Nd = 0.511850 (atom ratio) [157].

For uranium and plutonium isotope ratio analysis using sec-
ondary electron multiplier or multiple-ion counters, no mass
fractionation correction was applied: the observed mass fraction-
ation of these elements using the “Triton” TIMS is small compared
to the precision of the isotope ratio results when using SEM or MIC
(which is limited by the ion counting statistics for low level anal-
ysis). The uncertainty stemming from the yield calibration for the
SEM and calibration of the relative MICs yields are of the order of
0.1%.This too applies to the relative yields between SEM and Faraday
cups.

2.11. General remarks

All experiments were performed at room temperature and
atmospheric pressure. Sample preparations were performed in a
class 100 clean room with a class 10 hood when necessary.

3. Results and discussion

Total efficiencies (atoms loaded to ions detected), precision,
accuracy, abundance sensitivity, and detection limits were inves-
tigated for elements uranium, plutonium, americium, strontium,
cesium, and neodymium.

Additionally, the measured total efficiencies are compared
to the surface ionization efficiencies of the elements as pre-
dicted by the Saha-Langmuir equation in thermal equilibrium and
absence of an external field (diagonally shaded areas indicated in
Figs. 1, 2, 6 and 7) for Re surface or Re with a carbon layer (Re +C).
Note that the measured total efficiencies reported here include the
ion transmission of the sector-field mass spectrometer and detector
yield. Additionally, the Saha-Langmuir equation applies only to an
atomic beam impinging on a hot surface, and thus not strictly to a
single filament structure, which suffers from losses of neutral ana-
lyte species due to evaporation [149]. Thus the calculated surface
ionization efficiencies using the Saha-Langmuir equation can only
serve as an order-of-magnitude prediction for the total efficiency
to be expected. A work function of 4.96-4.98 eV for polycrystalline

Re [154,158] and 5.36 eV for Re +C [154,147] was used in the cal-
culations. Unity for the statistical weight ratio of ionic to atomic
states was used, which is a good approximation for electronically
complex elements [149] (like uranium, plutonium, and americium).
Although for alkali elements (like cesium) it is often 1/2 [149],
an approximation using unity is sufficient for assessing order-of-
magnitudes (see limitations discussed above). It is assumed that
the increase in the Re work function due to adding of carbon is
independent of the analyte element, which might not strictly be
the case.

Ta cavities were examined as an alternative surface material to
Re, but the observed efficiencies using Ta cavities are a factor of
10-100 lower than those observed for Re. This is probably due to
the lower work function of Ta (4.25 eV) [158]. Tungsten and graphite
materials were not examined in this work. Platinum has a relative
high work function (5.65 eV), but low melting point (1770°C) [158]
and a high material cost; it was not utilized as surface material in
this work.

All measurements were performed in low mass resolution mode
(R10% about 400-500 for actinides) and (relative) standard devia-
tions are given as 1o unless otherwise stated.

3.1. Uranium

For uranium (see Fig. 1), a median total efficiency of 0.021%
(n=4) for 50-75 pg uranium liquid loads into Re cavities with car-
bon additive was observed. And a median total efficiency of 0.27%
(n=28) for 7-605 pg uranium resin bead loads (0.58% for cation
beads and 0.043% for anion beads) onto dimpled flat ribbon single
Re +C filaments can be reported. Loading uranium on resin beads
onto filaments is about one to two orders of magnitude more effi-
cient than loading of uranium as liquid loads onto filaments (see
Table 3). It appears that there is a possible trend towards increas-
ing efficiency with decreasing sample size, with a similar trend
observed for plutonium (see below). But this needs to be examined
in more detail in the future.

Resin bead loads into Re cavities were also studied, but provide
significantly lower efficiencies. This is mainly due to the inabil-
ity of the cavity system to produce temperatures high enough to
totally evaporate the uranium sample before breakdown of the W
heating filament. Note that Riciputi et al. [155] achieved a median

= Re filament (liquid load + C)
Re cavity (liquid load)

B

1005  pme o
] [Ref. 1] Re cavity (bead load + C)
10 5 : 8 . ;
°\° : 7 r sy 7 TS A
'E 14 * am g ' a
3 W24 747774 *
= 0.|; et @ Z* i 4
] Eoa -, B .
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Fig. 2. Total efficiency (atoms loaded to ions detected) for plutonium as a function
of analyte sample size using different loading techniques. Shaded areas indicate
ionization efficiencies as predicated by the Saha-Langmuir equation. [Ref. 1] refers
to [155].
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efficiency of 5.8% (n=38) for 100-500 pg uranium beads loaded into
Re cavities using a predecessor ThermoFisher MC-TIMS generation
and a similar cavity setup. Our inability to produce similar bead
load cavity results for uranium with the setup used here is not
understood at this point. Cavities with different inner diameters
and depth were examined, as well as different distances of the

Table 3

tip of the cavity to the electron shield, but no improvement was
achieved. Uranium efficiencies of up to 1-39% using cavity sources
(see Table 3) are reported in the literature. But these values refer to
ionization efficiencies and not to total efficiencies achievable when
coupled to a mass spectrometer used for isotope ratio analysis—the
main focus of this work. The diagonally shaded areas in Fig. 1

Total efficiencies (atoms loaded to ions detected) for thermal ionization of actinides and fission products using various sample preparation and loading techniques; *only

ionization efficiency; $average or median value.

Analytical method Element, sample size/pg Ion source Sample form/additive Total efficiency/% Reference
Thermal ionization Sr W cavity Carrier, 0.5-2 mg 44.15# [151]
Sr Re, Ta, Re cavity 82%# 58%# 705# [152]
Sr/100 to 107 Re filament Liquid <0.1 This work
Sr/1700-4790 Re cavity Liquid 0.15% This work
Sr Ta cavity Liquid <0.1 This work
Sr/5 to 10* Re cavity Resin bead, carbon 2.5% This work
Tc/0.001-1 Re filament Liquid, Ca(NOs ), and La, 05 additives >2 [111]
Cs/0.47-0.67 Re filament Resin bead, carbon 21.3% This work
Cs/2.3-29 Re cavity Liquid 0.58% This work
Cs/500 Re cavity Resin bead, carbon 14.3% This work
La W cavity Carrier, 0.5-2 mg 24.6%# [151]
Nd/100-5000 Re filament Liquids, H3PO4 0.61% [165]
Nd/2 x 108 W cavity Oxide powder 15-20* [153]
Nd W cavity Carrier, 0.5-2 mg 42.9%# [151]
Nd W, Ta, Re cavity 80%# [150]
Nd/100 to 107 Re filament Liquid, no additive <1 This work
Nd/200-1000 Re filament Resin bead, carbon 219 This work
Nd/740-3310 Re, Ta cavity Liquid 0.90%, <0.05 This work
Nd/20-2500 Re cavity Resin bead, carbon 4.5% This work
Sm/4 x 108 W cavity Oxide powder ~50%* [153]
Sm, Eu W cavity Carrier, 0.5-2 mg 65.9%%, 45.85# [151]
Eu/10° to 5 x 108 W cavity Oxide powder/liquid ~75% [153]
Dy/4 x 108 W cavity Oxide powder ~35%* [153]
Dy W cavity Carrier, 0.5-2 mg 43.8%# [151]
Dy W, Ta, Re cavity 66%# [150]
Lu/1.5 x 108 W cavity Oxide powder 12.7* [153]
Th Re filament Liquid load 102 to 10! [154,180,181]
Th/25-5000 W cavity Liquid, carbon 1.1-3# [154]
Th/100-300 Re filament Liquid, carbon 4-6 [112]
U Re filament Liquid load 102 to 10! [154,180], this work
u Re filament Liquid load, carbon 0.6-1.2*% [182]
u/104 Re filament Electrodeposition 0.015 [148]
U/100-500 Re cavity Resin bead, carbon 5.8% [155]
uU/106 W cavity Liquid, liquid + carbon ~3.5%, 8.5* [153]
U Re, Ta, W cavity 39%# 45%# 158 # [152]
U W cavity Carrier, 0.5-2 mg 15.1%# [151]
U/7-605 Re filament Cation resin bead, carbon 0.58% This work
u/7-71 Ta filament Resin bead, carbon 0.02% This work
U/50-75 Re cavity Liquid, carbon 0.021°% This work
0] Ta cavity Liquid, carbon <0.025 This work
Np/<10 Re filament Resin beads, carbon 28 [15]
Np/100 W cavity Liquids ~4* [153]
Pu/<10 Re filament Resin bead, carbon 5% [15]
Pu/0.005-0.016 Re filament Resin bead, carbon 4-9 [159]
Pu/0.82-330 Re cavity Resin bead, carbon 8.0 [155]
Pu/100 W cavity Liquid ~8* [153]
Pu W cavity Carrier, 0.5-2 mg 16.28# [151]
Pu/pg size Re filament carbon ~3 [178]
Pu/0.05-10 Re filament Resin bead, carbon 0.54% This work, [90]
Pu/4.7-5380 Re cavity Liquid 0.13°% This work, [90]
Pu/2690-5380 Ta cavity Liquid <0.01 This work
Pu/0.093-10 Re cavity Resin bead, carbon 1.33% This work
Am/0.174-0.29 Re filament Resin bead, carbon 0.16° This work
Am/0.29 Re cavity Resin bead, carbon 0.63% This work
Cm W cavity Carrier, 0.5-2 mg 8.8%# [151]
RIMS (U), Pu/104 10-2 [125]
Np 3% 10768 [179]
Pu/~10 10-3 [127]
AMS U 102 [122]
Pu ~10-2 [121,185]
(MC)-SF-ICP-MS 0] MicroMist or Meinhardt nebulizer 0.004-0.03 [183,184]
u Nano-volume flow injection ~0.1 [115]
U, Pu CETAC ARIDUS sample introduction system ~0.1 [49]
u APEX sample introduction system ~0.2 [184]
0] CETAC ARIDUS sample introduction system ~1 [120]
Pu APEX sample introduction system 1-1.5 L.R. Riciputi (unpublished results)




76 S. Biirger et al. / International Journal of Mass Spectrometry 286 (2009) 70-82

f Pu-240/Pu-239 (NBI. 126)
(a) o Pu-240/Pu-239 (NBL 137)

= U-233/U-236 (LLNL)
50 4
0.250 N o
q NBL 137 certified
2 0.240 : 5
£ » o940 F
£ 02304 E
2 . 2
o = - 2 =
ﬁ‘ 0024 ] LLNL-UdOL.INL spk. § . . 10920 E
£ i i i -
F 0022 -
S lesmessessigoreuaegal e e e S e e [+
= = fia 109 L
= 0020 NBL 126 certified | 20 =
0.018 -
‘ T T : 0.880
0.01 0.1 1 10 100 1000
Plutonium or uranium sample size / pg
(b) Pu-242/Pu-244 (IRMM042a)
0.0145 4 o Pu-240/Pu-244 (IRMM042a) 7 0090
0.0140 - °
: o 1 0.0085
- |certified LIS I Y en 8 _.g g 2
E 00135 . s ey EE g E g
E u o < 0.0080 E
3 00130 3
4 30+ -+
g ’ LA
£ . {0005 5
a 001254 S
- -
9 . 5
4 :
& ooig certified § s * ; . 400070 £
- - g = .
H
L e e LA (1
0.01 0.1 1 10 100 1000 10000

Plutonium sample size / pg

Fig. 3. Isotope ratio analysis (using secondary electron multiplier) of (a) plutonium
(certified reference material NBL 126 and NBL 137), uranium (233*236U double spike),
and (b) of plutonium (certified reference material IRMMO042a) using Re cavity or
dimpled filament resin bead load techniques. No bias (e.g., mass fractionation) in
the isotope ratio measurements was observed (within precision).

indicate the ionization efficiencies of uranium as predicted by the
Saha-Langmuir equation for Re or Re with a carbon layer (Re +C).
An operating temperature of T=1800-2100 °C (temperature for fil-
ament analysis) and a first ionization potential of 6.194eV were
used in the calculations for uranium ionization efficiencies. For
the uranium measurements reported here, the 233U+ 236U double-
spike was used. Uranium-233 and 236U are an advantageous choice
when studying efficiencies and detection limits, because the rhe-
nium materials used for the filaments and cavities contain trace
amounts of natural uranium and thus produces an enhanced back-
ground for isotopes 23°U and 238U. Ta cavities, which have several
orders of magnitude lower U content, were examined as an alter-
native to Re cavities. Unfortunately, the observed efficiencies using
Ta cavities are a factor of 10-100 lower than those for Re cavities.
Alternatively, the natural uranium blank level could potentially be
reduced by using high purity Re materials (e.g., zone refined Re),
which were not examined in this study.

Isotope ratio analysis for uranium sample sizes between 1 and
1000 pg were performed using a secondary electron multiplier (see
Fig. 3a). At about 1pg sample size (with about a 1:1 atom ratio
233y/236Y), typical relative standard deviations of 1% are observed
using bead load techniques onto filaments with carbon additive.
Best achievable precisions are about RSD=0.1% at about 1 x 10° cps
ion beams when utilizing higher U sample sizes. No bias (e.g., mass
fractionation) in the isotope ratio measurements were observed
(within precision) using SEM. Background count rates at masses
233y and 238U are as low as 0.1-0.01 cps (measured using blank
filaments with all chemical additives, i.e., background count rates

stem from dark noise and potentially from atomic and/or molecu-
lar interferences; also measured at half-masses periodically during
actual measurements).

The observed total efficiencies and background count rates
resultin adetection limit (30 above background) of 1-10 fg 233+236Q
using Re cavity with liquid load method, and <0.1 fg (10* atoms to
10° atoms) 233236 using a cation resin bead load onto Re +C fil-
aments (see Table 2). The detection limits for 23°U and 238U are
of the order of 108 to 10° atoms, depending on the contribution
of natural uranium from chemical blanks and the rhenium mate-
rials used. The detection limit for the 234U isotope approaches low
to sub-femtogram levels (10° atoms to 108 atoms), depending on
the chemical blank and the purity of the Re material (234U abun-
dance in natural uranium is only 0.0055%). The lower 234U detection
limit - compared to 23°U and 238U - is of advantage when analyzing
enriched uranium samples, which can have 234U abundances orders
of magnitude higher than 0.0055%. Due to the ubiquitous natural
uranium blank, isotope ratio analysis involving 234U, 235U, and 238U
at trace levels were not further investigated. Because of their fre-
quent utilization for nuclear safeguards and forensics analysis, more
studies in the future will have to be performed. An abundance sen-
sitivity of 1 x 106 to 108 measured at atomic mass 236U+ 1 u when
applying a 236U beam can be achieved in low mass resolution mode
using the SEM with RPQ, Therefore, 236U signals will be affected by
comparatively large 238U beams.

3.2. Plutonium

For plutonium (see Fig. 2), a median total efficiency of 0.13%
(n=22)for 4.7-5380 pg Pu liquid loads into Re cavities without car-
bon, 0.54% (n=45) for 0.05-10 pg Pu resin bead loads onto dimpled
flat ribbon single Re + C filaments, and 1.33% (n=30) for 0.093-10 pg
Pu resin bead loads into Re cavities with carbon additive can be
reported. This compares to a median total efficiency of 0.050%
(n=19) for plutonium liquid loads (1-2690 pg) onto normal flat rib-
bon single Re filaments with carbon. In contrast to the uranium
results, no difference in the efficiencies for cation and anion resin
beads for Pu was found. Using resin bead load techniques is about
one to two orders of magnitudes more efficient than normal fil-
ament liquid loads (see Table 3). Riciputi et al. [155] achieved a
median efficiency of 8.0% (n=37) for 0.82-330 pg Pu beads loaded
into Re cavities using an earlier ThermoFisher MC-TIMS instru-
ment and a similar cavity setup. The difference of about a factor
of 6 between the total efficiency for Pu cavity bead loads reported
by [155] and the results reported here is not understood at this
point. No improvement was achieved using cavities with differ-
ent inner diameters and depth, as well as different distances of
the tip of the cavity to the electron shield. Plutonium efficien-
cies of up to 16% using cavity sources have been reported in the
literature (see Table 3), but these results refer mostly to ioniza-
tion efficiencies (not total efficiencies) and isotope ratio analysis
using a mass spectrometer are not discussed. To our knowledge,
the highest efficiencies of 4-9% for plutonium isotope ratio analy-
sis for a TIMS were reported by Smith et al. [159] using resin bead
load techniques with carbon cover. The shaded areas in Fig. 2 indi-
cate the ionization efficiencies of plutonium as predicted by the
Saha-Langmuir equation for Re or Re with a carbon layer (Re +C).
A filament temperature of T=1750-2050 °C (signal temperature for
filament analysis) and a first ionization potential of 6.026 eV were
used in the calculations. The rhenium materials used in the fil-
aments and cavities were tested and found to be Pu-free within
detection limits.

Isotope ratio analysis for plutonium loads between 0.05 and
1.2 pg for NBL 126 and NBL 137 and between 0.225 and 5380 pg
for IRMMO042a were preformed using the secondary electron mul-
tiplier (see Fig. 3a and b). At about 1 pg plutonium load (minor Pu
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isotope 10fg), a relative standard deviation (RSD) of about 1-3%
using bead load techniques can be reported. RSD of 0.1% can be
achieved for larger sample sizes (at about 1 x 10° cps beam current).
Isotope ratio measurements were performed on isotope amounts
as low as 0.03 fg (minor isotope) using resin bead load techniques.
The isotope ratio of 241Pu/23°Pu was used to ‘age-date’ the NBL
126 and NBL 137 isotope standards utilizing the decay of 241Pu
(Tyj2 =14.35 years). At 0.03, 4.4, and 13.5 fg 241Pu per sample, an
age (in years) of 1.24+5.1, 1.9+ 1.6, and 1.7 £ 0.7 was determined,
respectively, compared to the reference age of 1.8 years (at date
of analysis). The uncertainties (10) in the measured ages are rel-
atively high due to counting statistics and a relatively young age
compared to the half-life of 24! Pu. No bias (e.g., mass fractionation)
in the measured isotope ratios was observed within the precision
of the measurements when utilizing the SEM.

The SEM or MIC background count rate at Pu masses are
about 0.1-1cps, and can be as low as 0.01 cps (measured using
blank filaments with all chemical additives, i.e., background count
rates stem from dark noise and potentially from atomic and/or
molecular interferences; also measured at half-masses periodi-
cally during actual measurements). The observed total efficiencies
and background count rates result in a detection limit (30 above
background) of 0.1-1fg 239-242244py ysing a Re cavity with lig-
uid load; and <0.1 fg (10 atoms to 10> atoms) 239-242244py ysing
resin bead load techniques (see Table 2). The abundance sensitiv-
ity is comparable to that reported for uranium utilizing SEM with
RPQ.

Using multiple-ion counter (MIC) allows the simultaneous anal-
ysis of multiple isotopes (without losses due to duty cycle compared
to SEM peak jumping) at ultra-low levels, resulting in better
counting statistics, precision, and detection limits. The yield (ion
detection efficiency) differs for the ion counters depending on the
individual operating voltage and detector performances. The yield
of each counter also tends to drift independently over both short
and long timescales during analysis. Therefore, a suitable proto-
col to calibrate the MICs has to be established to perform accurate
isotope ratio measurements. Two different calibration strategies
can be applied: internal calibration or external calibration. Exter-
nal calibration can be utilized if the multiple-ion counters exhibit a
negligible change in the individual yields (within desired precision)
during the timeframe needed to analyze at least a single sample and
one standard (i.e., one mass fractionation or quality control sample).
In this case, the MICs can be calibrated relative to each other by
bracketing one or more samples with a standard of known isotopic
composition. If, on the other hand, the yield and performance of
the MICs drift during the analysis time, external calibration cannot
be adopted for accurate isotope ratio analysis. Instead, internal cal-
ibration has to be performed. In this case, the major isotope of the
sample is rotated through all multiple-ion counters at a stable beam
signal at certain time intervals during the analyses of the sample.
This allows the calculation of the short-term drift of the individual
MIC yields. The disadvantage of using internal calibration is that
some of the acquisition time (thus sample amount) is used to cali-
brate the MICs during the measurement and thus results in decrease
in the detection limit compared to the external calibration method.

To investigate which protocol is more suitable for the seven
MICs installed on the utilized “Triton” MC-TIMS, a short- and long-
term stability test of the MICs was performed (Fig. 4a and b). NBL
137 samples were loaded (3.6-18 pg of Pu) on normal single Re
filament with carbon (unfilled symbols between 0 and 50h in
Fig. 4) and loaded as Pu resin beads (1.2 pg) into Re cavity with
carbon (filled symbols between 150 and 200h in Fig. 4). The iso-
tope ratios 240Pu/239Pu (Fig. 4a), 241Pu/239Pu (Fig. 4b, triangular),
and 242Pu/239Pu (Fig. 4b, squares) were monitored. Each sample
was measured until full depletion of the ion signal, with all three
isotope ratios (240Pu/23?Pu, 241Pu/23%Puy, and 242Pu/23°Pu) moni-
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Fig. 4. Short-term and long-term stability test of the multiple-ion counters (MICs):
isotope ratio analysis of (a) 24°Pu/23°Pu (circular), (b) 24'Pu/?3°Pu (triangular), and
242py/239pu (squares) of NBL 137 were measured for samples using normal liquid
load onto Re flat ribbon filaments with carbon additive (0-50 h, unfilled symbols)
and bead load into Re cavity with carbon additive (150-200 h, filled symbols). Each
sample was measured until depletion of the ion signal, with all three isotope ratios
(240Pu/239Puy, 241 Pu/?39Py, and #42Pu/?3°Pu) monitored sequentially during the run,
yielding one data point for each of the three ratios reported. The operation voltages
of the MICs were not re-adjusted within the 200 h of operation.

tored sequentially during the run. Thus, each sample yielded one
data point for each of the three ratios reported. The two different
types of sample loading (Re filaments with carbon, 0-50 h, versus
resin bead load into cavity, 150-200 h) were employed to examine
potential changes in the drift behavior of the MICs due to the phys-
ical changes in operation (e.g., applied voltages) when using the
cavity ion source versus normal filament operation. The stability
of the MIC is potentially sensitive to arcing (spikes in the opera-
tion voltages) caused in the ion source and lens regions, which can
occasionally occur during cavity operations due to the larger ther-
mal and electrical “stress”. The beam intensity (ion dose) also has
an effect on the stability of the yields and will therefore contribute
to any changes in yields over time. No re-adjustment of the oper-
ation voltages of the MICs was required and the MICs high voltage
was switched off overnight. Normal filament liquid loads yield RSD
of about 0.6% (2 pg minor Pu isotope) and 1.6% (0.15 pg minor iso-
tope), the cavity resin bead loads 1% (0.26 pg minor Pu isotope) and
1.8% (0.015 pg minor isotope). Note that bead loads are a factor of
10-100 more efficient than normal filament liquid loads. An even
better RSD, as low as 0.1%, is achievable on MICs as demonstrated
by Goldberg et al. [160] for uranium isotope ratio measurements
using the same MC-TIMS generation, but at more favorable ratios
(235U/238U~ 1) and higher analyte concentration (10 pg U loads).
Using multi-collector sector-field ICP-MS for isotope ratio analysis,
Riciputi et al. (2007b) [161] report a RSD of about 1% (20’ for minor
plutonium isotope amounts of a few femtograms; Taylor et al. [162]
aRSD of about 3% (20) for a few femtograms (minor plutonium iso-
tope); and Snow and Friedrich [163] a RSD of about 0.2% (20) for
uranium at a few picograms of the minor isotopes. In this study (see
Fig. 4a and b), no difference in short-term (sample-to-sample) and
long-term (within a day of operation or longer) behavior of the indi-
vidual yields is apparent when comparing the measured precisions
of the isotope ratios (240Pu/239Pu, 241Pu/239Pu, and 242Pu/23°Pu).
Also, no “jumps”, i.e., sudden changes in the yields of the individual
MICs, were observed. The isotope ratios exhibit no evident trends
(e.g., systematically increasing or decreasing over time) and the
scattering of the data points is well encompassed by their measured
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uncertainties. Any potential drifts in the yields of the MICs appear
to be too small to be resolved when compared to the uncertain-
ties of the measurements of the individual samples (as indicated as
uncertainty bars in Fig. 4a and b). These uncertainty bars reflect the
pg sample sizes and, therefore, the relatively small number of total
counts accumulated on the minor isotopes.

Thus, external calibration appears to be suitable for ultra-trace
level analysis using discussed MICs with the “Triton” MC-TIMS,
resulting in improved counting statistics for the minor isotopes at
low abundances (compared to peak jumping the SEM) compen-
sating potential additional sources of variability (uncertainty) from
individual MIC yield drifts. Dark noise and ion detection yields of the
individual MICs and the SEM are comparable. Riciputi et al. (2007b)
[161] also report simultaneous multiple-ion counting analysis of
small samples of uranium and plutonium using the ThermoFisher
“Neptune” multi-collector sector-field ICP-MS. The results suggest
that the performance of the MIC systems varies between the two
platforms (“Triton” TIMS vs. “Neptune” ICP-MS), and may reflect
the differences between the plasma and thermal ion source, single-
focusing versus double-focusing geometry, and the performance of
the MICs themselves.

Combined uranium and plutonium bead loads onto Re filaments
were performed to study the change in total efficiency of pluto-
nium when analyzed with excessive amounts of uranium. At an
U/Pu ratio of 50, the total efficiency of Pu is depressed by about a
factor of 2 compared to plutonium runs without uranium. Thus, a
perfect U/Pu chemical separation is not strictly necessary. As can be
seen from Fig. 5, plutonium signal intensity peaks at a temperature
that is about 50 °C lower than the equivalent uranium temperature,
allowing the sequential analysis of the isotope ratios of both ele-
ments in the same sample. No bias in the isotope ratios of the Pu
reference material was observed due to the presence of excess ura-
nium (see Fig. 5). An abundance sensitivity of typically 106 to 108
(using SEM with RPQ) enables accurate 239Pu isotope ratio analy-
sis even in the presences of several orders of magnitude more 238U
than 239Pu. The same experiments were not repeated using bead
loads into cavities, although the decrease in the efficiency for the
minor element (Pu in this instance) will likely be even smaller due
to the increased Re surface area of the cavity compared to the flat
geometry of a filament.
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Fig. 5. Combined uranium and plutonium bead loads on Re filament at a U/Pu ratio
of 50. The ionization efficiency of Pu is depressed by about a factor of 2 compared
to plutonium runs without uranium. Maximum intensities of the plutonium signal
are at a temperature that is about 50 °C lower than that for uranium, allowing the
sequential isotope ratio analysis for both elements within the same run. No sig-
nificant bias in the isotope ratio measurements of plutonium (e.g., due to excess
uranium) was observed (within precision).
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of analyte sample size using different loading techniques. Diagonally shaded areas
indicate ionization efficiencies as predicated by the Saha-Langmuir equation. The
vertically shaded area indicates total efficiencies obtained using normal flat ribbon
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3.3. Americium

For americium (Fig. 1), a median total efficiency of 0.16% (n=13)
for 0.17-0.29 pg Am cation resin bead loads onto dimpled flat rib-
bon single Re filaments covered with carbon were observed. And
a median total efficiency of 0.63% (n=6) for 0.29 pg Am resin bead
loads into Re cavities with carbon additive can be reported. No lig-
uid loads with cavities were studied. The shaded areas in Fig. 1
indicate the ionization efficiencies of americium as predicted by
the Saha-Langmuir equation for Re with carbon additive (Re +C).
A filament operating temperature of T=1750-2050°C and a first
ionization potential of 5.974eV were used in the calculations.
Americium blanks in the filament and cavity rhenium materials
and reagents used were below detection limit. The available NIST
4223a (4332d) is essentially mono-isotopic (243Am). Thus, no iso-
tope ratio measurements for americium were performed, although
precision and accuracies can be expected to be similar to those
observed for uranium and plutonium. The SEM background count
rate at masses 24 Am and 242Am is typically between 1 and 0.01 cps.
The achieved total efficiencies and background count rates result in
a detection limit (30') of <0.1 fg (10% atoms to 10° atoms) 241-243Am
using filament and cavity resin bead load techniques (see Table 2).

3.4. Strontium

For strontium (Fig. 6), a median total efficiency of 0.15% (n=12)
for 1700-4790 pg (Sr) liquid loads into Re cavities without carbon
and 2.5% (n=47) for 5pg through 10 ng Sr resin bead loads into
Re+C cavities can be reported. No stable ion beam signals could
be achieved using resin bead load onto dimpled flat ribbon Re +C
filaments. A total efficiency of about 0.15% for Sr for liquid loads
into Re cavities is comparable to the <0.1% achieved with normal
flat ribbon Re filament liquid loads (no TaO activator) (Fig. 6). Sim-
ilar performance using a “Triton” MC-TIMS and single Re filaments
has been reported by Font et al. [164] for strontium liquid loads.
Sr efficiencies of up to 44-82% using cavity sources are reported in
the literature (see Table 3), but these results refer mostly to ion-
ization efficiencies (not total efficiencies) and isotope ratio analysis
using a mass spectrometer are not discussed. Diagonally shaded
areas in Fig. 6 indicate the ionization efficiencies of Sr as predicted
by the Saha-Langmuir equation for Re or Re with a carbon layer
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(Re +C).Afilament operating temperature of T=1300-1500°Cand a
first ionization potential of 5.695 eV were used for the calculations.
Multi-collector Faraday cup (FC) isotope ratio analysis for strontium
loads between 0.1 and 1000 ng NBS 987 are summarized in Fig. 8
using both liquid load technique onto flat ribbon Re filaments or
into Re cavities, and resin bead load into Re cavities.

Depending on the efficiency, a RSD ~0.01% can be achieved at
0.1-1ng Sr loads at 0.5V 88Sr Faraday cup signal (in static mode),
and as low as RSD ~0.001% for >10ng Sr loads at 10-50V 33Sr. A
precision of RSD ~0.01% or better using cavity techniques or fila-
ment liquid loads combined with slow heating profiles is possible
for total Sr samples of <1 ng. The method is limited by the Sr concen-
tration of the reagent blanks. The RSD using SEM or MICs does not
significantly exceed 0.1% at a count rate of about 1 x 10° cps 88Sr,
rendering ion counting mainly unsuitable for geolocation studies
where precision of about RSD =0.01% or better are desirable.

The observed total efficiencies and background count rates using
SEM as detector yields a detection limit (30) of 0.1-1 fg 8990Sr using
Re cavity or Re flat ribbon filament with liquid load and <0.1 fg (10*
atoms to 10° atoms) 8%90Sr using cavity resin bead load techniques.
This is of particular interest in analysis of fission products 89Sr and
90sr,

3.5. Cesium

For cesium (see Fig. 6), a median total efficiency of 0.58% (n=11)
for 2.3-29 pg Cs liquid loads into Re cavities without carbon, 21.3%
(n=14) for 0.47-0.67 pg Cs resin bead loads onto dimpled flat rib-
bon single Re filaments with carbon, and 14.3% (n=18) for 500 pg
Cs resin bead loads into Re + C cavities can be reported. Ionization
efficiencies of Cs as predicted by the Saha-Langmuir equation for
Re with or without a carbon layer (Re+C) are about 100% (fila-
ment temperature of T=700-1000°C, first ionization potential of
3.894¢eV).

Natural Cs was used for the measurements, which is mono-
isotopic (133Cs). Thus, no isotope ratio studies for cesium can be
reported. The SEM background count rates at masses 134Cs and
1345Cs are as low as 0.1-0.01 cps. Reported total efficiencies and
background count rates result in a detection limit (30 above back-
ground) of <0.1 fg (10* atoms to 10° atoms) 13413>137Cs using resin
bead load techniques. An abundance sensitivity of 10% to 107 at
atomic mass 33Cs+1u (when applying a 133Cs beam) has been
measured.

3.6. Neodymium

For neodymium (see Fig. 7), a median total efficiency of 0.90%
(n=11)for 740-3310 pg Nd liquid loads into Re cavities without car-
bon, 2.1% (n=8) for 200-1000 pg Nd resin bead loads onto dimpled
flat ribbon single Re filaments with carbon, and 4.5% (n=46) for
20-2500 pg Nd resin bead loads into Re + C cavities can be reported.
A total efficiency of 0.9% for Nd liquid loads into Re cavities is about
comparable to normal flat ribbon Re filament liquid loads (<1%).
Similar results using a MC-TIMS (but using triple Re filaments) has
been reported by Wakaki et al. [165] for Nd liquid loads. Nd effi-
ciencies of up to 15-80% using cavity sources can be found in the
literature (see Table 3), but these results refer mostly to ionization
efficiencies (not total efficiencies) and isotope ratio analysis using
a mass spectrometer are not discussed. Diagonally shaded areas
in Fig. 7 indicate the ionization efficiencies of neodymium as pre-
dicted by the Saha-Langmuir equation for Re or Re with a carbon
layer (Re + C). A filament temperature of T= 1600-1700 °C and a first
ionization potential of 5.49 eV were used.

Isotope ratio analysis using multi-collector Faraday cups for
neodymium liquid and bead loads between 0.7 and 300ng La
Jolla standard and 0.2 and 3 ng for “natural” Nd (ICP-MS/AAS stan-
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Fig. 7. Total efficiency (atoms loaded to ions detected) for Nd as a function of ana-
lyte sample size using different loading techniques. Diagonally shaded areas indicate
ionization efficiencies as predicted by the Saha-Langmuir equation. The vertically
shaded area indicates total efficiencies obtained using normal flat ribbon Re fila-
ments.

dards) are summarized in Fig. 8. For favorable efficiencies, a RSD
~0.01% can be achieved for 0.1-1ng Nd loads at 0.3V 42Nd Fara-
day cup beam signal, and as low as RSD ~0.001% for >10ng Nd
loads at 10-50V 2Nd beam signals (static mode). A precision of
RSD ~0.01% or better using cavity or filament techniques and slow
heating profiles are suitable to resolve crucial geographical signa-
tures at <1 ng Nd using Faraday cups. The method is limited by the
concentration and isotopic composition of the chemical Nd blank.
RSD using SEM or MICs does not significantly exceed 0.1% at a count
rate of about 1 x 10° cps ¥2Nd, rendering ion counting mainly not
suitable for geolocation studies.

The observed total efficiencies and background count rates using
SEM or MICs result in a detection limit (30 above background)
of about 1 pg Nd (all stable isotopes), significantly limited by the
reagent blanks. In absence of this blank, a detection limit for bead
load techniques comparable to that for Sr and Cs can be expected
(<0.1 fg) using ion counting, which is based upon the observed
total efficiencies. An abundance sensitivity of 106 to 107 measured
at atomic mass #4Nd+1u when applying a 4Nd beam can be
reported using SEM with RPQ, similar to that for Cs.
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Fig. 8. Isotope ratio analysis using multi-collector Faraday cups for strontium (cer-
tified reference material NIST 987) and neodymium (La Jolla reference material and
“natural” Nd) with liquid load and bead load techniques. No bias in the isotope ratio
measurements was observed (within precision).
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4. Conclusion

Total efficiencies (atoms loaded to ions detected) of up to 0.5-2%
for U, Pu, and Am, and 1-30% for Sr, Cs, and Nd are observed when
employing resin bead load techniques onto flat ribbon Re filaments
or resin beads loaded into a millimeter-sized cavity drilled into
a Re tube using a ThermoFisher “Triton” MC-TIMS. This results
in detection limits (30" above background) of <0.1fg (104 atoms
to 105 atoms) for 239-242+244py 233+236( 241-243pm 89905 and
134135137Cs and <1 pg for natural Nd isotopes (limited by the chem-
ical processing blank) using secondary electron multiplier (SEM) or
multiple-ion counters (MICs). To our knowledge, the detection lim-
its reported herein for these Pu, Am, and U isotopes belong to the
lowest reported limits for isotope ratio mass spectrometry analysis.
It appears that the lowest ever reported isotope selective detection
limit for plutonium mass spectrometry was demonstrated by Smith
[159] using a TIMS with carbon-coated bead loads on Re filaments:
“The detection limit of Pu-239 would be [...] perhaps a thousand
atoms or lower”—total efficiencies of >1% are reported. Chemi-
cal processing blank of <10% atoms total Pu have been reported
[15], thus an efficiency of >1% would enable the (statistically sig-
nificant) detection of <10% atoms Pu if background count rates
of about 0.01cps can be maintained. Detection limits for 233U,
236y, Np and Am are potentially smaller due to lower chemical
blanks.

Rhenium, compared to W or Ta, shows the best overall perfor-
mance for thermal ionization mass spectrometry of actinides and
fission products, as can be seen from Table 3. The improvement in
efficiency and detection limits is mainly due to the use of resin bead
load instead of normal liquid load, and the addition of carbon. This
is because resin bead loads improve focus and ion transmission by
reducing the geometrical size of the sample and act as reservoir and
carbon source [146,149]. The carbon layer additionally enhances
the work function of the ionizer materials (e.g., rhenium) and ion
beams stability, and reduced isotope mass fractionation has been
observed using carbon coating [149]. (The advent of nano-science
has brought with it the discovery of new carbon compounds with
surprising and sometimes unexpected physical and chemical prop-
erties at the nano-scale. These new carbon compounds, e.g., due to
their surface-to-volume ratios at the nano-scale, might have great
potential in their utilization as ionization enhancers for actinides.)
Afurther advantage using resin bead loads is that resin beads adsorb
specific analytes from a mixed actinide and fission product solution,
thus adding an additional chemical separation step (but potentially
increasing chemical processing blanks). The utilization of a cavity
did not result in an enhancement of the ionization efficiency for U
and Pu as expected and demonstrated by Riciputi et al. [155] using
a predecessor ThermoFisher MC-TIMS generation and a very sim-
ilar cavity setup; although improvements for Am and Nd can be
reported. The reason for the difference in the U and Pu efficien-
cies reported by [155] and reported here is not understood at this
point.

As with essentially all analytical tasks, a suitable analyti-
cal instrument and procedure has to be chosen. “It is generally
recognized that there is no one single type of mass spec-
trometer that fulfils all of the requirements for measuring all
varying sample types and compositions encountered in a labo-
ratory” [64]. The advantages of MC-TIMS, i.e., comparably high
abundance sensitivities, small molecular interferences, high pre-
cision and accuracy, low detection limits, and oligo-element
capability, make it together with MC-SF-ICP-MS one of the
most versatile and suitable instruments for isotope ratio anal-
ysis. The studies on actinide, fission product, and geolocator
analyses presented here further probe and help understand
capabilities and limitations of this versatile analytical technol-
ogy.
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