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ata reliability and precision with
new ion source design

Herbert Siegmund, *a Joe Hiess, a Monika Sturm,a Andreas Koepf,a

Christian L'Heraultb and Sergei Boulygaa

The ion source design of the Triton and Triton Plus Thermal Ionisation Mass Spectrometer (TIMS) has been

improved to reduce the frequency and intensity of high voltage electric sparking. Sparking can be caused by

voltage flashover between the ion source components, resulting in rapid instability of the lens and

acceleration voltages. This in turn leads to deflection of the ion beams in the analyzer and subsequently

measurement biases, particularly on minor isotope detectors. Two prototype ion sources were

engineered and tested to increase the condenser-to-ground flashover voltage without changing the

geometry of any surfaces that would potentially adversely influence the ion beam transmission and

focusing. The ion source enhancement facilitates better accuracy and precision of uranium total

evaporation measurements. An external component test and analysis of natural uranium certified

reference material 112-A has been used to validate the performance of three modified ion sources

installed in two TIMS. The new design is commercially available.
1. Introduction

Multi-collector sector-eld mass spectrometers are well estab-
lished and indispensable analytical tools in isotope ratio and
isotope dilution analysis.1 Due to the high precision and accu-
racy attainable with state-of-the-art multi-collector thermal
ionisation mass spectrometry (MC-TIMS) instruments and
comparatively few molecular and polyatomic interferences, MC-
TIMS is considered a benchmark technique for isotope ratio
analysis of numerous elements, and in particular for Sr, Nd, Ca,
U, and Pu isotope and amount analysis.1–5 The mass spectro-
metric analysis plays an important role in nuclear material
accountancy as well as in the verication of declared inventories
of U, Pu and Th element amounts and amounts of ssile
uranium isotopes in facilities along all steps of the nuclear fuel
cycle.4 Therefore, MC-TIMS is widely applied at IAEA safeguards
laboratories5,6 as well as at research institutions and nuclear
facilities worldwide for uranium and plutonium analysis,5–15

including certication of reference materials.14–18

Over the past decades a number of signicant improve-
ments, both technical and procedural, have been made that
have turned out to be very useful and advantageous for nuclear
safeguards related analyses. Thus, the simultaneous multi-
collection of isotopes allowed the implementation of the so-
called “total evaporation” (TE) method,19–24 for which the
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sample is completely evaporated within a relatively short
measurement time, thus minimizing the isotope mass frac-
tionation effects and thereby reducing the measurement
uncertainties. This technique is the most frequently used
method today for analysis of U, and Pu isotope ratios as well for
determination of concentrations of these elements in samples
by isotope dilution mass spectrometry (IDMS).

In the TE method the puried uranium or plutonium nitrate
solutions (with element amounts of 50 ng to 500 ng depending on
the analysed element and on the applied procedure) are deposited
onto a metal lament (made of tungsten or rhenium) and placed
in the ion source of the mass spectrometer. Under computer
control, ion currents are generated by heating of the lament(s).
During the measurement process, the lament current is
continuously adjusted in order to follow a predened and repro-
ducible evaporation prole. At the same time, all isotopes of
interest are collected simultaneously during the entire period of
evaporation. The ion currents are continually measured until the
whole sample is exhausted. The nal isotopic ratio is calculated
from the measured ion currents of the respective isotopes that
have been integrated over the course of the measurement.25,26

The isotope ratios produced from the integrated ion currents
can be biased by spikes.† Thus, accordingly to Mathew et al.23

occasionally electronic spikes are evident in the release prole
of the isotopic abundances. The 235U/238U ratio that includes
the spike can be signicantly biased, and therefore, the isotopic
† In this article we dene electric sparking or ashover as the physical effect of an
ignition due to high voltage. While signal spiking is dened as unusual high or
low transient artefacts in consecutive data points.

This journal is © The Royal Society of Chemistry 2019
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abundance prole and ratio prole from TE must be evaluated
to examine if spikes attributable to electronic noise are present.
According to the observations of the authors of this work in
particular, minor isotopes of uranium (234U, 236U) can also be
strongly inuenced by the presence of the spikes.

The aims of this study are to (1) investigate the reasons for the
occurrence of electric sparking† in the ion source of MC-TIMS
Triton and Triton Plus, (2) develop an approach to improve the
ion source design so that the electric sparking could be reduced,
and (3) validate the modied source by an external component
test and analysis of appropriate quality control samples to ensure
that signicant effects were eliminated. The ultimate goal is to
improve the precision, accuracy and efficiency of TIMS total
evaporation technique through a signicant reduction of the
number of outliers in isotope ratio measurements and reduction
in the frequency of failed analyses. Recent improvements to TIMS
ion source design were also presented in ref. 27.
2. Experimental
2.1. Certied Reference Material (CRM)

Uranium isotopic standard NBL CRM 112-A (New Brunswick
Laboratory, U.S. Department of Energy, USA), was used as
a quality control (QC) sample.
2.2. Analytical equipment and measurement procedure

Multi-collector thermal ionization mass spectrometers (MC-
TIMS) Triton and Triton Plus™ (Thermo Fisher Scientic,
Bremen, Germany) were used for TE isotopic ratio measure-
ments of uranium. Analytical procedures followed those
described in ref. 5. All instruments are housed at the Nuclear
Material Laboratory (NML) of the International Atomic Energy
Agency (IAEA) in Seibersdorf, Austria. The MC-TIMS instru-
ments used are equipped with nine Faraday cups and a discrete
dynode secondary electron multiplier (SEM) detector. The
detector conguration was adjusted for simultaneous recording
of ions with mass-to-charge ratio of 233, 234, 235, 236, 237 and
238U (corresponding to ions 233U+, 234U+, 235U+, 236U+, 237.05
and 238U+, respectively). Each Faraday cup detector was con-
nected to a 1011 or 1012 U amplier (the latter can be used for
recording 234U+ and 236U+ ions). Amounts of sample solutions
containing approximately 0.5 mg of uranium in 1 mL 1 M nitric
acid were loaded by pipette onto tungsten ribbon evaporation
laments (GERADTS GMBH, Bremen, Germany) and oxidized
by applying a current of 1.0 A for 300 s and 2.4 A for 60 s. Each
sample loaded evaporation lament was then partnered with
a degassed rhenium ribbon ionization lament (GERADTS
GMBH, Bremen, Germany) in a double lament assembly on
the turret. The turret can hold a total of 42 laments, paired
over 21 measurement positions. The TE measurements were
normally run as automated sequences. An amplier gain cali-
bration was made at the beginning of each sequence and an
amplier baseline measurement was performed at the start of
each lament analysis. Once the ionization lament reached
a target intensity of 70 mV, Re ion focusing on the 187Re signal
was performed, followed by peak centering for the Re mass
This journal is © The Royal Society of Chemistry 2019
calibration. The evaporation lament was then ramped up to
250 mV to focus on 238U signal and peak centered. At a voltage
intensity of 0.5 V (238U signal) data collection was started. The
evaporation current was further ramped and regulated to
provide a summed target intensity for the selected U isotopes of
10 V. The integration time of 1.049 seconds corresponds to one
measurement cycle. The measurement stopped once the sum-
med intensity dropped below 0.5 V.
2.3. Data inspection process

Each lament analysis was rst assessed with the Thermo Triton
Data Evaluation soware package version 3.2.1.10 to examine the
signal proles for ion signal intensity and ratios. Measurements
were then processed with the IAEA in-house developed Mass
Spectrometry Data Evaluation Soware (MSDES) version 4.0.12
and copied into in-house developed Quality Control tables and
charts. No corrections were applied to the data to correct for
instrumental mass fractionation, that is, all measurements were
automatically corrected by the Triton soware for baseline and
gain calibration, and then reported as raw results, without further
normalisation or tailing corrections.
2.4. Additional test equipment

A custom designed and constructed high-vacuum oven was
used to bake each ion source at less than 10�5 mbar and 170 �C
for six hours. This was performed prior to installation in the
Triton mass spectrometers where the ion source subsequently
underwent an additional six hours of source baking following
the standard Triton PCL script in the ion source vacuum
chamber.

A PicoScope 4424 oscilloscope, with multiple trigger event
memory and time stamp information was connected via
a 1:1000 high-voltage probe to the Triton's 10 kV acceleration
voltage (Fig. 1).

A Megger MIT 1020/2 (0–10 kV) high-voltage isolation tester
was connected to each ion source as an external test to deter-
mine their condenser to ground electric ashover potential
under atmosphere.
2.5. Precautions

Measurements carried out at the high-voltage systems are
associated with hazard. Only appropriately trained and qual-
ied personnel is allowed to work with high-voltage
equipment.
3. Investigation of electric sparking
occurrence in original ion sources
3.1. Occurrence of electric sparking

In a TIMS ion source a small fraction of the lament ribbon
material and all of the loaded sample materials are evaporated
and partially ionized in a close proximity to high-voltage lenses
that serve for the extraction and focusing of the produced ions.
Under certain conditions this cloud of the evaporated material
J. Anal. At. Spectrom., 2019, 34, 986–997 | 987
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Fig. 1 Simplified schematic diagram demonstrating the monitoring of the high voltage in a TIMS Triton with an oscilloscope as applied in this
study. Be aware of high-voltage hazards. Circled numbers 1 to 5 relate to potential sources of electric sparking as discussed later in Section 3.2
and Table 1.
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could initiate electric sparking or ashover between the
components of the ion source.

The produced electric sparks cause a very short-term insta-
bility of the lens voltages, and also inuence the acceleration
voltage of MC-TIMS Triton, usually by making it decrease, then
increase and overshoot during a very short period of time. Such
a sudden sag of acceleration voltage acts like an unwanted ultra-
fast mass scan. The ion beams are deected and sweep over
other detectors in the multi-collector array (Fig. 2). Strong ion
signals, such as 238U+, hit detectors that are used for monitoring
ions with lower masses (e.g. minor isotopes of uranium) in the
cup conguration.
Fig. 2 Schematic diagrams showing (a) stable ion beams under normal

988 | J. Anal. At. Spectrom., 2019, 34, 986–997
The electric sparks are very short and can be identied by
a typical signal spiking pattern in the raw data as shown in
Fig. 3, measurement cycle 548 and 1018. The typical signature of
the events that produce a “sparking ngerprint” are described
as:

– The intensity on the major 238U isotope decreases (Fig. 3a);
– The intensities of minor isotopes 234U and 236U increase

signicantly. Note that a signal spike is also observed at m/z ¼
237.05 which is used in this study as a spark indicator (Fig. 3b);

– The intensity of 235U isotope may either decrease or
increase (the latter shown in the Fig. 3b example) because on
one hand during the transient spark event the 235U signal is
conditions, and (b) sweeping ion beams during a sparking event.

This journal is © The Royal Society of Chemistry 2019

https://doi.org/10.1039/c9ja00032a


Fig. 3 Isotope signal strength and isotope ratio profiles generated
during a single CRM 112-A TEmeasurement. Sparking events exhibit (a)
an intensity drops of 238U, here at cycles 548 and 1018 as indicated
with arrows; (b) simultaneous intensity gains of minor isotopes 234U
and 236U, 237.05, and in this example also 235U occur. These result in
sporadic increases in the (c) 235U/238U ratio and (d) 234U/238U and
236U/238U ratios at the correlated cycles when sparking occurs. Each

Fig. 4 A typical high-voltage spike in the acceleration voltage as
recorded on the oscilloscope (see Fig. 1) due to flashovers. The hori-
zontal axis covers a time interval of approximately 0.25 seconds. This
time axis range therefore represents only a fraction (approximately
a quarter) of a complete 1.049 second cycle exactly when a signal
spike in the TE data plot also occurs, with an exactly matching time-
stamp. Each cycle is represented as a single symbol in Fig. 3.

This journal is © The Royal Society of Chemistry 2019
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deected away but on the other hand the respective detector
records some variable amount of ions from the deected 238U
ion beam.

– The major 235U/238U isotope ratio (Fig. 3c) as well as the
minor 234U/238U and 236U/238U isotope ratios (Fig. 3d) are biased
according to the corresponding sparking intensity.

A PicoScope 4424 oscilloscope with multiple trigger event
memory was connected via a 1:1000 high-voltage probe to the
Triton's 10 kV acceleration voltage to provide even more
detailed sparking information (Fig. 1). The graph in Fig. 4
shows the sudden drop of the acceleration voltage, a typical
pattern for electric sparks. The spark itself is very short
(�1 ms). The acceleration voltage then rises, but overshoots
and needs a few hundred milliseconds to stabilize again.
There is an initial period of too low and then a later period of
too high voltage aer the spark. The change of acceleration
voltage changes the kinetic energy of the ions and therefore
their trajectory in the magnetic sector.28 As this happens in an
uncontrolled and unpredictable manner there is no pro-
grammed beam blanking performed, like in dynamic
methods. The static TE method requires stable conditions.

When the acceleration voltage suddenly drops the ion beam
is moved towards the lower mass region, but as soon as accel-
eration voltage is brought back by the control board it might
slightly (by a few Volts) exceed the set value, which results in
moving the ion beam into the opposite direction. Each sparking
event recorded on the oscilloscope can be exactly correlated to
the signal spiking in the TE data plots (Fig. 3) as a “sparking
ngerprint” by their exactly matching timestamps. However,
because the amplitude of the voltage drop differs from case to
cycle is represented as a single symbol and relates to an integration
time of 1.049 seconds. This particular analysis corresponds to
measurement number 15 in Fig. 8, 9 and 10, indicated there as the pink
circled green diamond symbol made with the original ion source 472
on the Triton Plus T-4 instrument.

J. Anal. At. Spectrom., 2019, 34, 986–997 | 989
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case the extent of the ion beam deviation from the target posi-
tion can also be different.

3.2. Possible reasons of electric sparking related to the
acceleration voltage

To trace and accurately identify the correct origin of sporadic
sparking in complex high-voltage systems can be extremely
difficult, especially when the frequency of such events is low, i.e.
less than one event occurring per hour.

The oscilloscope (see Fig. 1) with multiple trigger event
memory and time stamp recording was used to help record the
sparking occurrence. Sparking was still detectable on the oscil-
loscope aer disconnecting parts from the 10 kV line like the RPQ
board or lament unit of the mass spectrometer or detuning the
ion source voltages to a range where the ion signal was lost.

Table 1 describes the potential sources of electric discharges
that were taken into account (see also Fig. 1).

We could see that as soon as the condenser lens voltage was
reduced, the spiking on the acceleration voltage stopped. When
the condenser lens voltage was increased, the spiking on the
acceleration voltage was signicantly more pronounced. This
could be clearly observed by the amount of spikes detected on
the oscilloscope, even if the ion signal was not detected any
more due to de-tuning of ion lenses.

Sparking events inside the ion source could also be observed
visually through the pyrometer portal window to the source
chamber when the pyrometer and turret were removed and the
condenser voltage was signicantly increased.
Table 1 Potential sources of electric discharge investigated in this study

Potential sources of electric discharges Effect description an

1. Isolation damage outside vacuum chamber,
cables, RPQ board etc.

Isolation problems o
as for example: burn
problems disappeari
moved to other posit
parts of the system a
RPQ board).

2. Filament-unit against ground The lament unit is
the assembly is fully
could lead to sporad

3. Feedthroughs into vacuum chamber High-vacuum feedth
particles or traces on
lead to sparking. We
but the problem did

4. Turret/cable assembly inside vacuum
chamber

The lament wheel i
voltage potential, su
housing on ground p
supporting ceramic
burnmarks this wou
Wires inside the vac
have too close distan
ground

5. Ion source voltages (when power supplies are
connected to acceleration voltage)

The ion extraction le
lens voltages are not
referenced to the 10
Fig. 1. Sparking of o
voltages to ground po
acceleration voltage
capacitor of the ion

990 | J. Anal. At. Spectrom., 2019, 34, 986–997
The condenser to ground sparking was identied as the
weakest point and could not be repaired by replacing the ion
source. Seven clean and previously unused sources were baked
in a high-vacuum oven and subsequently tested in the Triton
Plus instrument. All showed the same behaviour as demon-
strated for ion sources 472, 297, 343 and 431 in Table 2 and
Fig. 8–10.

3.3. Detailed reasoning for sparking within the ion source
from the condenser lens

The lenses of the ion source are made of thin stainless steel
sheets. The condenser lens (Fig. 5) is positioned in close prox-
imity to the laments and has the highest potential difference
(around 8000 V), towards the neighbour ground sheet. The
heated lament ribbon evaporates material and locally reduces
the vacuum level. At the weakest point on a nearby high-voltage
lens the favourable conditions for a ashover can be reached.
The dominant factors that inuence this effect are: (1) the high-
voltage potentials between separate lens sheets, (2) the narrow
distances between them, (3) the sharpness of the material edges
and (4) the local vacuum level. The isolation property of the
condenser sheet to the neighbouring ground sheet was the weak
point of the original ion-source.

4. Design improvements

Two prototype ion sources 507b and 481b were engineered and
tested by the IAEA. Care was taken that the condenser-to-
. Numbers 1 to 5 are also represented in Fig. 1

d expected symptoms Assessment

f cables etc. would show up
marks on the cables,
ng when the cables are
ions, or disappearing when
re disconnected (e.g. the

Not observed in this study

oating on 10 kV, therefore
isolated. Isolation defects
ic sparking

Not observed in this study

roughs: metal or other
the ceramic body could
replaced all feedthroughs
not disappear

Feedthroughs were ok in our study

s on 10 kV acceleration
rrounded by the metal
otential. In case the
is not intact or shows
ld indicate a problem there.
uum system sometimes
ces to each other or to

Not observed in this study

 and right and condenser
directly connected, but are
kV acceleration voltage, see
ne of these ion source
tential could also affect the
through the internal
source power supply

Reason for signal spiking in this study

This journal is © The Royal Society of Chemistry 2019
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Table 2 Summary statistics from uranium isotopic ratio TE
measurements made with different ion sources on TIMS Triton and
Triton Plus. Bias values are calculated from “signal spikes” relative to
“no signal spikes”

This journal is © The Royal Society of Chemistry 2019
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ground ashover voltage was increased without changing the
geometry of any surfaces that would inuence the ion beam.
No difference in behaviour of the source with respect to
performance, tuning, etc. was expected. This development led
to an enhanced ion source design that is now commercially
available by the manufacturer Thermo Fisher Scientic, Bre-
men, Germany.

Three improvements were made in the enhanced ion
sources:

(1) The shielding sockets or protecting umbrellas (see Fig. 5)
are necessary to protect the ceramic isolators from evaporated
material. Instead of the original conductive metal umbrellas,
which were connected to condenser lens potential and showed
a too narrow ashover distance to the ground sheet, the
isolating umbrellas in the modied source were manufactured
with ceramics or glass to prevent ashovers at this point.

(2) Sharp edges on the original metal parts could generate
strong local electric eld intensities and therefore high electron
densities favouring ashover conditions. A mechanical rounding
and polishing on these edges increased the radius and therefore
reduced unwanted electric elds in the modied source.

(3) Removing material from the condenser support sheet
increased the ashover distance to the ground sheet.
5. Validation of sparking performance
indicator

Testing the functionality of a redesigned or modied ion-source
for its sparking stability by using a mass spectrometer
consumes valuable time and resources and reduces the avail-
ability of the TIMS instrument for any other analytical work. In
order to avoid using the valuable analytical equipment, i.e.
TIMS, during the prototyping process we developed a faster
component test. The new test method was designed to quickly
measure the ashover voltages from condenser to ground of
different ion sources. The test can be done on a benchtop under
atmospheric conditions (room temperature ca. 22 �C, ca. 60%
humidity). Voltage is generated by a Megger MIT 1020/2 (0–10
kV) high-voltage isolation tester unit. The ion source is con-
nected as shown in Fig. 6 and the voltage is increased slowly in
ne steps, until the rst spark ignites. Be aware of high-voltage
hazards. This test should only be conducted by trained persons.
The test is re-done at least 3 times, outliers removed, results
averaged.

Fig. 7 presents the results of these tests conducted on several
ion sources. Under atmospheric pressure the ashover voltages
are lower than under vacuum, but such a test provides still
a good comparison of different ion sources and serves as a quick
indicator to assess sparking stability. The ashover voltage
value can be used to index the arcing performance of a given ion
source. Original ion sources recorded lower ashover voltages
and typically correlated with a higher frequency and intensity of
sparking leading to greater biases in their measured isotopic
ratios as shown in Fig. 8–10, while modied ion sources
recorded higher ashover voltages and improved performances
in total evaporation test measurements.
J. Anal. At. Spectrom., 2019, 34, 986–997 | 991

https://doi.org/10.1039/c9ja00032a


Fig. 5 Simplified schematic representation of a TIMS ion source (not to scale).

Fig. 6 Schematic diagram depicting connections for testing the ion
source condenser to ground flashover voltage.
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6. Other potential ion source high-
voltage problems unrelated to the
acceleration voltage

Failures in the high voltage of complex mass spectrometers can
also occur for other reasons, but sometimes generate similar
symptoms.
992 | J. Anal. At. Spectrom., 2019, 34, 986–997
Although the effects described below were not observed in
this study, we would like to mention such potential problems to
avoid misinterpreting them.

For instance, when the ion source has been heavily used,
material sprayed from the lament ribbon mainly builds up
conductive layers on the front ceramics. Current can then start
to ow through this layer to a neighbouring high-voltage sheet
and drive the corresponding power supplies to their limits. This
predominantly relates to the extraction le and right and
condenser lenses as they are the most exposed. The applied
voltages will no longer be stable and will detune the ion signal.
This can lead to intensity drops like those shown in Fig. 3a, but
it does not lead to an intensity gain on minor isotopes like in
Fig. 3b. The acceleration voltage is not inuenced and the ion
beams do not sweep over the surrounding detectors as
described in Fig. 2. Each isotope intensity drops more or less
equally. The solution to this problem is simply to clean or
replace these front ceramics.
7. Comparative performance of
original and modified ion sources for U
isotope ratio measurement by TIMS TE
7.1. Original ion source tests

Results of the original ion source tests (conducted on ion
sources 472, 297, 343 and 431 with the TIMS Triton Plus (T-4))
can be found in the beginning of Table 2 and Fig. 8–10. In
order to detect evenminor signal spiking the ion intensity atm/z
¼ 237.05 (see Section 3.1 and Fig. 3b) was monitored and
visually examined in the TE raw data. All measurement results,
in which spikes at m/z ¼ 237.05 were observed are presented as
green diamonds in Fig. 8–10. In total 183 lament measure-
ments were made with these four ion sources. Signal spiking
This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Arcing performance as represented by flashover voltages from condenser to ground measured under atmosphere on a selection of ion
sources. Seven green bars on the left are original ion sources. Modified ion sources are to the right. 507b and 481b are the IAEA prototypes, 524
and 582 are from the early modified serial production. Note the improvement for original ion source 481 following modification becoming 481b.

Fig. 8 QC chart displaying total evaporation 235U/238U data collected on NBL 112-A certified reference material with various ion sources on the
IAEA TIMS Triton Plus ‘T4’ and Triton ‘T2’. Pink circled measurement discussed in Fig. 3.

This journal is © The Royal Society of Chemistry 2019 J. Anal. At. Spectrom., 2019, 34, 986–997 | 993
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was observed in 63 of these measurements leading to a high
frequency (34.4%) of spiking events. The probability of the
sparking was very irregular, but typically between 3 and 15
spikes occurred per turret. The effect of each sparking event on
the measured isotope ratios is unique, i.e. we have never
registered exactly the same change of isotope ratio during
different sparking events. Sometimes multiple sparks can occur
within a single measurement. Measurements that contain one
or more sparking events are indicated with green diamonds in
Fig. 8–10, while the measurements without sparking are indi-
cated with black diamonds. Ratios of 235U/238U (0.020%; Fig. 8)
and 234U/238U (1.817%; Fig. 9) are positively biased in the
measurements with signal spiking with respect to measure-
ments without signal spiking. Measurements with signal
spiking also yielded higher relative standard deviations (RSD)
than measurements without signal spiking for 235U/238U
(0.020% and 0.010% respectively) and 234U/238U (1.699% and
0.866%) ratios. Note that CRM 112-A is not certied for
a 236U/238U ratio however the quoted value for the limit of
detection of 5 � 10�9 from the certicate is marked as a red
reference line in Fig. 10.
Fig. 9 QC chart displaying total evaporation 234U/238U data collected on
IAEA TIMS Triton Plus ‘T4’ and Triton ‘T2’. Pink circled measurement disc
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7.2. Modied ion source tests

Results of the modied ion source tests conducted on 507b and
524 with the Triton Plus TIMS (T-4) and 481b with the Triton
TIMS (T-2) are presented in Table 2 and Fig. 8–10. In total 327
lament measurements were made with these three modied
ion sources. As described above the ion intensity atm/z¼ 237.05
(see Section 3.1 and Fig. 3b) was visually examined in the TE raw
data to detect signal spiking. All measurement results, in which
spikes at m/z ¼ 237.05 were observed are presented in Fig. 8–10
as blue cycles, orange triangles and purple squares for ion
sources 507b, 524 and 481b, respectively. Signal spiking was
observed in 36 of the 102 measurements made on the very rst
prototype 507b leading to a high frequency (35.3%) of spiking
events, similar to that observed with the original ion sources
(see Section 7.1), but with much smaller intensities. However,
despite the frequent small spikes observed at m/z ¼ 237.05 the
measured U isotope ratios were not signicantly biased, i.e. no
measurable spikes were detected atm/z¼ 236.05;m/z¼ 235.05;m/
z ¼ 234.05. Obviously, the acceleration voltage drops were small
and fast enough so that the very transient signal change was
predominantly inuencing the closest detector. Such an effect was
NBL 112-A certified reference material with various ion sources on the
ussed in Fig. 3.

This journal is © The Royal Society of Chemistry 2019
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only observed with the rst prototype ion source 507b. The
frequency of spiking events was signicantly reduced in the case
of ion sources 524 (3 of 104 measurements, or 2.9%) and 481b (4
of 121 measurements, or 3.3%). Measurements that contain one
or more spiking events are indicated with blue circles (507b),
orange triangles (524) or purple squares (481b) in Fig. 8–10, while
measurements without noticeable spiking are indicated with grey
or black symbols. In general, measurements of 235U/238U ratios on
the modied ion sources display negligible biases with respect to
measurements without signal spiking (Fig. 8), which is in contrast
to the larger bias seen on the original ion sources (see Section 7.1).
However, measurements of 234U/238U ratios with signal spiking
appear still positively biased as compared to measurements
without signal spiking (Fig. 9). Biases observed with ion sources
524 (1.992%) and 481b (0.947%) are similar to those obtained
with the original ion sources, although their overall number is
small (n ¼ 3 and 4). On the other hand, the bias observed in the
case of ion source 507b (0.185%) is much less pronounced. When
using the modied ion sources we did not nd any systematic
Fig. 10 QC chart displaying total evaporation 236U/238U data collected on
IAEA TIMS Triton Plus ‘T4’ and Triton ‘T2’. Pink circled measurement disc

This journal is © The Royal Society of Chemistry 2019
effect of spikes on the measurement precision. In general, the
precision (RSD) of the 235U/238U ratio was better on the modied
ion sources (0.005% to 0.013%) than for the original ion sources
(0.02%).

All TIMS tests in this study were performed using TE
measurements. However, sparks are even more likely to occur
during “modied total evaporation” (MTE),14 due to the higher
signal level (higher temperatures) and greater amount of
material loaded. Due to the longer integration times of MTE
(usually 16 seconds) a sparking event might not be as clearly
identied in the raw data. As the MTEmethod is more complex,
a spark could cause a more complicated failure as it could
happen any time during the MTE script and could also corrupt
yield or tailing calculations. MTE is the method of choice for
accurate minor isotope ratios. This study shows that sparking
produces more bias on minor isotope ratios, therefore, elimi-
nation of such sparks is fundamental for reliable MTE data.
Although the MTE data processing offers an outlier rejection,
the frequent outliers generally expand the acceptance range by
NBL 112-A certified referencematerial with various ion sources on the
ussed in Fig. 3.
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reducing measurement precision and they might still cause an
undetected bias. Furthermore, oen the outliers cannot be
identied if a relatively long integration time (e.g. 8 to 16 s) is
applied. Therefore, the physical elimination of signal spikes as
done in this study signicantly contributes to an improvement
of robustness and accuracy of the measured isotope ratios.

8 Conclusion

Signal spikes that are caused by electrical sparking in the TIMS
ion source cannot be identied and ltered out by the currently
used TIMS data evaluation soware. Therefore, they may result
in more or less signicant biases of the measured isotope ratios
with a particular effect onminor U isotopes. The new ion-source
design produced in cooperation between IAEA and Thermo
Fisher Scientic prevents electric sparking. Application of this
modied ion source results in a remarkable improvement of the
repeatability and accuracy of U isotope ratio measured by using
TIMS total evaporation technique. Also the frequency of outliers
in TIMS TE measurements is signicantly reduced, which
improves the overall timeliness of analyses and reduces labour
expenses of the analysts because fewer repetitions are required.
The merits of the modied ion sources for TE measurements
have been demonstrated by using MC-TIMS Triton and Triton
Plus from Thermo Fisher Scientic.
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