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Compact, low energy accelerator mass spectrometry (AMS) has evolved over the past years as one of the most
sensitive, selective, and robust techniques for the analysis of heavy and long lived radionuclides. In this study, we
focus on the analytical capabilities of the compact AMS system MILEA, mainly for 236U analyses. First, the setup
of the system for actinide analyses is presented and the special technical setup for 2*U/?%U (x = 3, 6, 5) is
discussed. Then, the background and sensitivity for 22°U/238U are studied in detail, and finally results from the
first routine runs are presented and discussed. Our results show that the ETH Zurich MILEA system is ideally
suited for fast, reliable, high sensitivity, and almost background free analyses of 2*U/2%®U in environmental

samples allowing the analysis of larger batches of samples with reasonably small sample sizes or volumes.

1. Introduction

Over the past decade the long lived anthropogenic U-isotopes 236U
(Ty, = 23.4 Myr) and 233y (T, = 159 kyr) evolved as new and powerful
anthropogenic tracers in oceanographic studies or for source appor-
tionment of contaminated materials [1-6]. This success was supported
by substantial developments in accelerator mass spectrometry (AMS)
that allow the fast, precise, and almost background free determination of
anthropogenic Pu- and U-isotopes in environmental samples [7-10]. The
success of compact, low energy AMS systems in actinide research is not
limited to the major actinides alone, it also triggered several studies
relying on the highly sensitive and selective detection of the minor ac-
tinides (e.g. Np-, Am-, Cm-isotopes) in environmental and biological
samples [11-17].

Compact, low energy AMS is used for the detection of actinides since
the 2000s [18-20]. Although those systems were not optimized for
actinide measurements initial results indicated that they can compete
with the performance of much bigger and more complex AMS systems
[19]. In the following years several technical advances resulted in the
breakthrough of compact AMS systems not only for the detection of
heavy ions [21-23]. Milestones in that process represent advances in
particle detection [24,25], the implementation of He-stripping [8,26],
and the development of dedicated simulation tools for low energy AMS
systems [27,28]. Combining the above improvements and tools resulted
in the development of a prototype multi isotope AMS system at ETH
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Zurich that is optimized for the efficient and low background detection
of light (IOBe, 14C, 26A1) and heavy (1291, actinides) ions [29].

Here we report on the setup and the performance of the MILEA
prototype AMS system installed at the Laboratory of lon Beam Physics of
ETH Zurich for the analysis of U- and to a minor extent also Pu-isotopes.
We demonstrate that the ETH Zurich MILEA system is ready for state-of-
the-art analyses of ultra-trace levels of actinides in environmental
samples.

2. Material and methods
2.1. The ETH Zurich MILEA system

The 300 kV Multi-Isotope Low Energy AMS system MILEA is a joint
development of Ionplus AG and ETH Zurich. Measurements for this
study were performed with the prototype system built and installed in
2018/2019 at the Laboratory of Ion Beam Physics, ETH Zurich. The
system is optimized for the measurement of 14 10ge, 2671 41cq, 1297,
and actinides at low energies [30].

The low energy (LE) side of the MILEA system consists of a multi
cathode MICADAS-type Cs-sputtering negative ion source [21], oper-
ating at voltages of up to 50 kV, and a combination of a 90° electrostatic
analyzer (LE-ESA, r = 534 mm) and a 90° magnet (LE-magnet, r = 450
mm) that allows achromatic injection of the negative ion beam into the
accelerator and stripper. The LE-magnet is equipped with a fast
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bouncing system that enables fast, sequential injection of different
masses into the accelerator. Two movable Faraday cups on the LE-side
positioned on each side of the beam axis in front of the accelerator
allow monitoring of the negative ion current and the determination of
ion beam transmission through the accelerator.

The accelerator consists of a vacuum insulated high voltage platform,
which can be operated at maximum acceleration voltages of 300 kV
provided by a solid-state high voltage power supply from Heinzinger
GmbH. The high voltage terminal contains the stripper tube, where He
gas that is fed from ground potential is used to transform the incident
negative ion beam into positive ions and to disintegrate molecular iso-
bars. The following electrostatic quadrupole triplet lens allows optimal
focusing of different charge states and molecular break-up products so
that the isotope of interest matches with the ion optical conditions of the
high energy (HE) spectrometer [30].

The HE spectrometer consists of two momentum (p/q) filters (90°
HE1 magnet, r = 600 mm and 110° HE2 magnet, r = 600 mm) and an
energy (E/q) filter (120° ESA, r = 620 mm) placed between them. Seven
moveable Faraday Cups (HE FC) that are placed in the analysis chamber
after the HE1 magnet allow to measure the ion currents of stable or
abundant nuclides for the various AMS setups. HE FC 1 — 4 located on the
right hand side of the rare isotope beam axis are used for the stable
nuclide(s) detection during 14C, 10Be, 41Ca, 1291 measurements and FC 5
— 7 are placed on the left hand side for U-isotopes and 2°Al measure-
ments. Taking into account the spatial separation of different isotopes
two versions of FCs have been designed with an opening width of 14 mm
(HEFC1,2,3 & 7) and 8 mm (HE FC 4, 5 & 6), with the smaller FCs used
for 1271, 2381 and 2°°U current measurements.

Detection of rare nuclides is performed by an ETH Zurich designed
two-anode gas ionization chamber (GIC) [25] that additionally can be
equipped with a gas absorber cell [31]. Six apertures can be set at the
focal points of the system (Al — A6 in Fig. 1).

2.2. Ion source modification and targets used

During the first two years of operation the ion source was
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significantly modified from the initial setup. A new extractor was
installed and the polarity of the extraction lens was changed to positive
voltage. Furthermore, a Cs nozzle with higher conductance was installed
that allows a significantly higher Cs flux onto the sample (this research
was conducted as part of Horizon 2020 research and innovation pro-
gram, grant agreement No 824096, WP20, JRA1, Ion Sources and
Beams, publication in progress). With these modifications, we were able
to extract much higher negative currents of BeO and UO compared to the
previous setup and we observed higher over-all efficiencies. Since the
results presented here have been obtained with both ion source setups,
we indicate with which setup the data has been collected when this
becomes relevant.

The ion source of the MILEA system is designed to accept standard
MICADAS type targets [21]. However, to gain flexibility and the ability
to switch AMS analyses between the two multi isotope systems at ETH
Zurich (Tandy and MILEA) we decided to continue with using the
modified NEC cathode holders that are routinely used at the Tandy
system [32]. Therefore, an adapter was designed that allows to measure
samples pressed in Tandy cathodes on MILEA [33]. All results presented
here are based on oxide matrices and the extraction of a negative acti-
nide oxide beam as routinely applied at ETH Zurich for actinide analyses
[7].

2.3. Setup for actinide measurements

All measurements presented here were performed with the compact
300 kV AMS system MILEA built and installed at ETH Zurich as
described above. For actinide measurements a terminal voltage of
around 260 kV is applied, which is limited by the bending capability of
the HE-magnets. Taking into account the sum of ion source and sample
potential of 46 kV and the molecular breakup from the oxide injection,
the stripping energy of actinide ions is about 285 keV. Selecting the
three plus charge state the final actinide ion energy is slightly above 1
MeV. For detection of the rare actinide isotopes the signal from the first
anode of the GIC is used. A 3 x 3 mm? or a 4 x 4 mm? SiN detector
entrance window of 30 nm thickness is used for actinide analyses.
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Fig. 1. Actinide setup MILEA. Setup of the ETH Zurich MILEA system for actinide measurements. All magnets are kept at constant B-field (brown), while the injection
of different radionuclides into the detector is achieved by adjusting four electrostatic devices: the bouncing system, the accelerator voltage, the quadrupole triplet
lens, and the ESA (blue/yellow hatched devices). A1-6 mark the position of apertures that can be inserted into the central beam line. The positions of the off-axis
Faraday Cups for U-isotope measurements are indicated in magenta. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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2.3.1. Setup for Pu and the higher actinides

Due to the low abundance of Pu-isotopes or isotopes of the higher
actinides, FCs cannot be used for detection. The determination of iso-
topic ratios of the rare actinides is done by sequential injection of each
isotope into the GIC. To enable reproducible sequential switching be-
tween different rare isotopes all three magnets (p/q filters) are kept at
constant field (brown shaded devices in Fig. 1), which implies that
different isotopes (masses) are analyzed at different energies. Thus, the
accelerator and the HE-ESA have to be adjusted in a way that keeps the
p/q ratio of the different isotopes constant.

The injection of the negative actinide oxide beam of interest is per-
formed by applying a constant voltage to the chamber of the low energy
magnet. Additionally, the electrostatic quadrupole triplet lens is
adjusted to account for the different focusing of the selected masses from
the molecular breakup of the actinide oxide injection (blue/yellow
shaded devices in Fig. 1). Switching between rare isotopes takes less
than one second. The above described method to switch between
different rare actinide isotopes is used at several AMS systems world-
wide and allows precise measurements of isotopic ratios of actinides
[34-36]. It is generally referred to as slow sequential switching or
cycling.

2.3.2. Setup for *U/?*8U measurements (x = 233, 236, 235)

The standard setup for 23U measurements at the ETH MILEA and
Tandy systems consists of a combination of three slow sequential cycling
sequences (as described above) with fast cycling of the abundant 238y
isotope (including Z*®U'07). In the first slow cycling sequence
(®33U/2%8y, Fig. 2a) 2%U'%0 is injected and the accelerator, quadrupole
lens and HE-ESA are set so that 2°U%" reaches the GIC (yellow shaded
devices in Fig. 2a). The duration of the first slow sequence is typically
5-60 s depending on the expected counting rate of 22U (e.g. spiked vs
natural signal). During this sequence the fast bouncing system is used to
measure the negative 2>U0 current and the 238U%* current in the LE-
and HE-FC6, respectively. In the second slow cycling sequence
(236U/238U, Fig. 2b) 236516( g injected and all electrostatic devices on
the HE side are tuned to 22°U reaching the GIC (blue shaded devices in
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Fig. 2b). The duration of the second sequence is typically 30 s,
depending on the expected 236y counting rate. Also, during this
sequence, the fast bouncing system is used to measure the 22U®0~ and
the 228U+ currents on the LE and HE side (FC5 in Fig. 2b), respectively.
In the third slow cycling sequence (3°U/238U, Fig. 2¢) 2*°U'%0 is
injected but the accelerator and the quadrupole are set to 233U settings
(yellow labelled devices). As a consequence, 23513+ does not reach the
GIC but can be analyzed in quasi DC mode in FC5 on the HE side. The
duration of the third slow sequence is about 5 s. The fast bouncing
system is still used to measure the 238U'°0~ current on the LE side and
the 28U3* current in FC6 on the HE side. Details of the cup configura-
tion are displayed in the lower part of Fig. 2, details on the current
measurement are discussed in section 2.4.1 below.

2.4. Machine parameter and sensitivity studies

To document the performance of the ETH Zurich MILEA system for
the AMS analysis of 2°U/2%8U (and Pu-isotopes) several experiments
were conducted to study in detail the background and the sensitivity of
the machine. The technical setup and the methods used to analyze the
results are described in the following.

2.4.1. Current integrator

Each FC of the MILEA system is connected to an in house designed
current integrator that enables precise determination of positive or
negative ion currents in fast bouncing mode. The fast bouncing mode
allows during all slow cycling sequences (described in section 2.3.2) the
determination of 228U'%0~ and 23U3" currents at a repetition rate of
12.5 Hz. The full range of each current integrator can be adjusted ac-
cording to the expected sample currents. For a standard 2°°U measure-
ment the current integrators are typically set to the ultra-sensitive mode
(here) providing 10nA full range. With this setting a single (fast
bounced) current measurement takes less than 1 ms. Several single
current measurements are averaged during one slow cycling sequence (i.
e. while the rare nuclide is counted). The time over which the current
measurements are averaged depends on the counting time for the rare

233 U/238U b)

236y /238U

beam
direction

Fig. 2. Setup and cup configuration for u-isotopes: Standard setup for U-isotope measurements and cup configuration. a) Setup and cup configuration for 233U/238U,
b) setup and cup configuration for 236U/238U; c) setup and cup configuration for 23°U/2¥U (see main text for details).
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nuclide (i.e. the length of the actual slow cycling sequence). If, for
example, a counting time (slow cycling length) of 10 s is chosen for 235U
in the GIC, the according 2*®U* and 2*®U'%0~ current measurements
are averaged over the same time period with 10 s x 12.5 Hz = 125 in-
dividual current determinations for one 2°U/2%8U ratio and one trans-
mission measurement. We note that the full range and repetition rate of
the current integrators can be adjusted by software and thus can be
adopted to special needs of the experiment.

The MILEA current integrators are designed and calibrated in a way
that they produce a very small artificial current offset which is later
subtracted by the machine’s software. To document the linearity and to
determine the offset of the current integrators we connected an external
variable current source and recorded the integrator output after a
sequence of 5 measurements with 3 s integration time (mean and stan-
dard deviation of the current measurements were calculated). The cur-
rent of the external source was checked before and after each sequence
using a Keithley picoampere meter.

2.4.2. Charge state yields for 28U

Transmission measurements were performed for 22%U at three
different stripping energies between 182 keV and 281 keV. To minimize
beam losses a special, large diameter (25 mm) FC was used that was
temporarily mounted in the HE-FC chamber (Fig. 1) for the duration of
the experiment. No apertures were inserted to constrain the beam. For
each chosen stripping energy, transmission was recorded for the 3+ and
4+ charge states while varying the He-stripper gas pressure (stripper
scans). The accelerator voltage was adjusted with increasing stripper gas
density to compensate for the increased energy losses. For the lowest
energy (182 keV) also the 2+ charge state was analyzed, which was not
possible for the higher energies due to the limited bending power of the
HE1 magnet. The pressure in the accelerator tank was used as a proxy for
the stripper gas density. The relation between tank pressure and stripper
gas density was calibrated using the relative energy loss of carbon ions in
He [37]. Charge state yields were determined by correcting the trans-
mission measurements for scattering losses using SRIM simulations
carried out at three selected stripper densities (3, 6, and 12 x 106 at/
em?) [8,38,39].

We note that we did not extrapolate the exponential decline of the
transmission measurements to zero stripper pressure [8,40] to deter-
mine the charge state yields of U in He. At very low stripper gas densities
almost no beam losses are expected because the maximum single scat-
tering angle of U in He (16.3 mrad) is smaller than the acceptance of the
MILEA stripper (22 mrad). As beam losses only become relevant at
higher stripper gas densities the extrapolation of the fit to zero density
would lead to an overestimation of the charge state yields.

2.4.3. Abundance sensitivity and transmission measurements

Since no completely 23°U-free U-blank material is available the ma-
chine background for 2%U/2%8U cannot be determined directly. The
Vienna KkU-standard material (VKkU) with a nominal 23617,/238( ratio of
(69.8 £ 3.2) x 10712 [10] ranges among the materials with the lowest
236/238 ratios available in significant amounts at ETH Zurich. It has
therefore been used for all background scans and for the abundance
sensitivity measurements described below. The VKkU material has un-
dergone chemical purification and is assumed not to contain detectable
amounts of 23°Pu [40].

An often-applied method for the estimation of the background for
236y,/238 measurements involves the determination of the abundance
sensitivity (AS). In our case the AS is determined by measuring the
tailing of an intense 23U beam extracted from a VKkU sample onto the
next higher mass (amu = 239). Assuming that the VKkU material does
not contain any 239py the measured amu(239)/238U ratio has to be
caused by tailing, scattering, etc. of 238U. In this context, the AS provides
a proxy for the background caused by ?*°U on mass 236. Sequential
switching between the AS measurement (amu(239)/ 238(J ratio) and the
standard 236U/238U setup (Fig. 2b) further allows determining the HE-
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transmission (i.e. by comparing the measured 23U/238U ratio of the
VKkU sample with its nominal value) and thus to calculate the standard
normalized AS given as follows (cps: counts per second):

236 238
cps(amuasg) ( u/ U)
cps( B8U) ( 236 U/zss U)

VKkU ;nominal

ASyorm = (@)

VKkU, measured

The normalized AS and the 23U/238U ratio including transmission
for 2%8U were determined for different stripper densities and using
different apertures (A3, A5, and A6 in Fig. 1). This allows studying i) the
charge state yield of 238U3* at the given stripping energy, and ii) the
izr;guence of the apertures and stripper gas density on the background for

U.

The VKKU samples used for the AS and background measurements
contained about 2 mg of U-oxide mixed with ca. 3 mg of Nb powder.
These so called VKKU_he (high current) samples gave 28U%* current
outputs at the order of several hundred nA and thus allowed the deter-
mination of AS and background with good counting statistics (see sec-
tion 3.2).

2.4.4. U/Pu efficiency tests

The total measurement efficiency of the MILEA system for Pu and U
extracted from an oxide sample matrix was determined using a combi-
nation of two purified spike solutions containing 233U and 242Pu. Well
known amounts of both nuclides (about 1 pg) were co-precipitated with
different amounts of Fe (Fe-hydroxide co-precipitation), then trans-
ferred to oxide form at 650 °C and finally mixed with different amounts
of Nb-powder and pressed into Al-sample holders (Table 1). Two sets of
samples were prepared and analyzed under different ion source settings,
before and after the modification of the ion source (see section 2.2).
Therefore, Cs-temperatures of both runs are not directly comparable.
Since the modifications allowed for higher Cs-densities on the sample
the second set of samples most probably received a higher Cs-flux at the
same Cs-reservoir temperature.

Using the setup for Pu-measurements (section 2.3.1) the efficiency
test samples were analyzed by switching every 60 s between 2>*U and
242py (slow cycling). Both isotopes were identified and counted with the
GIC (Fig. 1). The detection efficiency was calculated for each isotope as
the ratio of identified counts in the GIC divided by the number of atoms
added to the sample. The resulting number was corrected for any idle
time during which the sample was sputtered but the isotope of interest
was not counted (e.g. because the other isotope was counted or because
of beam switching). The total apparent detection efficiency is given by
EQ2 with X representing the isotope of interest (*33U or 24?Pu):

Table 1

Two efficiency tests series (run 1, run 2) for actinide samples containing about 1
pg of 2°U and 2*?Pu respectively. Samples are prepared in an oxide matrix with
different amounts of Fe for co-precipitation and mixed with various amounts of
Nb-powder for final target preparation. A maximum detection efficiency of
about 1 % is reached for both, U and Pu.

ETH- U- Pu- Fe Nb max. det. eff. max. det. eff.
Label 233 242 (mg) (mg) U Pu
(pg) (pg)
Run 2 (June 2021)
ZP1300 1.05 1.07 1.2 3 0.4 % 0.3%
ZP1301 1.06 1.07 2.5 3 0.7 % 0.5 %
ZP1302 1.02 1.07 1.3 6 0.5 % 0.4 %
ZP1303 1.04 1.07 2.5 6 0.9 % 0.7 %
ZP1304 1.06 1.04 1.3 9 0.6 % 0.5 %
ZP1305 1.06 1.09 2.6 9 1.0 % 0.7 %
Run 1 (December 2020)
Pul 1.04 1.05 1.5 3 0.4 % 0.5 %
Pu2 1.04 1.05 3.0 6 0.9 % 1.0 %
Pu3 1.03 1.05 6.0 6 0.8 % 0.8 %
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The total ionization efficiency was calculated using EQ3 assuming
33 % transmission (LE to the HE side) and 85 % HE-transmission:

1 1
tra(LE — HE) * tra(HE)

&ffion(X) = €ff 4 (X) = ¢ff 4 (X) 3.6 3

3. Results and discussion
3.1. Current measurements

The newly designed high sensitivity MILEA current integrators allow
the measurement of currents in the sub-nA range within less than a
millisecond (i.e. in fast bouncing mode). As an example for the excellent
quality of the current integrators we show a linearity measurement of
current integrator #5 (Fig. 3) in high sensitivity mode. The results are
shown after the subtraction of the intrinsic current offset of (3.19 +
0.07) pA (see section 2.4.1 for details). The full range of 10nA represents
well the expected sample current range as during first routine 236U/2%8y
measurements 2L sea water samples (containing less than 6.5 pg of 238U)
revealed currents of up to 3nA.

The linearity was tested between >10nA and several hundred fA,
with the latter representing the lower limit of our external current
source. The reduced R? of a linear fit applied to all data points docu-
ments the excellent linearity of the current integrator (Fig. 3). The slope
of (0.99885 + 0.00003) is very close to but significantly different from
one. This is, however, not an issue since all routine AMS measurements
are carried out relative to standards, which are measured with the same
current integrators so that the slope cancels out when applying standard
normalization. A non-zero current offset, in contrast, can have a sig-
nificant effect on the standard normalized results and thus has to be
avoided. The results presented in Fig. 3 show that the correction of the
intrinsic offset of the integrator is robust. The uncertainty of 0.06 pA for
the intercept (offset) documents that even in fast bouncing mode current
measurements in the fA range are possible with the high sensitivity
MILEA current integrators.

The results presented here are representative for all MILEA current
integrators operating at different full ranges. In routine operation they

O measured current

1291 linear fit
Equation y=a+b*x
10 - |Intercept 2.22E-06 + 6.61E-05
Slope 0.99885 + 3.0770E-05
4 |Residual Sum of Squares 5.31
Adj. R-Square 1.0000
8
<€
£ 64
[Te)
=
= 44
2
0 4

0 2 4 6 8 10
input current [nA]

Fig. 3. MILEA current integrators. Example for the linearity and precision of
the high sensitivity MILEA current integrators. The red line represents a linear
fit to the measured data. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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allow precise current measurements in fast bouncing mode at a repeti-
tion rate of 12.5 Hz and thus contribute to the reliable determination of
isotopic ratios. In the context of 22U measurements the high sensitivity
MILEA current integrators indirectly enhance rare nuclide detection
efficiency because only a small amount of measurement time has to be
allocated for the current measurements. In the case we presented here
(10 nA full range), only 3.5 % of the counting time is spent for LE and HE
current measurements during the 236U/2%%U and 233U/238U sequences,
respectively. With the routine setup for 236,238y at the ETH Zurich
Tandy system [7] almost 25 % of the measurement time had to be
reserved for HE and LE current measurements due to the much lower
sensitivity of the Tandy current integrators.

3.2. Transmission, sensitivity, and background

In this section we first present charge state yields of U in He at
stripping energies of around 200 keV, then we discuss the transmission
and background for routine analyses of 22°U, and finally we investigate
the influence of the slit settings on the HE side on HE-transmission and
AS.

3.2.1. Transmission and charge state yields for 238U

Charge state yields were determined from stripper pressure scans
(Fig. 4a) as described in section 2.4.2. As an example the stripper scans
performed at 185 keV stripping energy are shown in Fig. 4b for all three
charge states analyzed. An exponential fit was applied to the declining
part of each transmission curve after having reached its maximum
(dashed lines). Simulation based scattering corrections (section 2.4.2)
applied at stripper densities of 3 x 10'® at/cm? and 6 x 10'° at/cm?
yield consistent results for all investigated charge state yields (open
circles in Fig. 4b) indicating that the experimentally determined relation
between accelerator tank pressure gauge reading and stripper gas den-
sity is valid. For higher stripper gas densities (12 x 10'® at/cm?) scat-
tering corrections lead to systematically lower results for the charge
state yields. At such high stripper gas densities additional losses e.g. due
to energy straggling, the limited size of the FC,and simplified assump-
tions on the stripper geometry and the divergence of the incident ion
beam become more important so that simplified scattering corrections
are not sufficient anymore to calculate reliable charge state yields. The
scattering corrections, for example, do not consider the divergence of
the incident negative ion beam and the fact that a fraction of the incident
beam might already be lost on the injection side of the stripper. These
additional losses increase with stripper pressure and yield to an under-
estimation of the scattering corrected charge state yields at higher
stripper pressures. From each stripper scan, we used the scattering
corrected value at 3 x 10'® at/cm? as the final charge state yield (plotted
in Fig. 4a, filled circles) because it is least influenced by model
corrections.

We note that the calculated charge state yields are close to the
maximum transmission values measured for the 3+ and 4+ charge states
(Fig. 4b). This observation is consistent with the theory that predicts
negligible scattering losses at low stripper densities where single scat-
tering dominates. With 22 mrad the acceptance angle of the MILEA gas
stripper is significantly larger than the maximum single scattering angle
of U on He (16.3 mrad). As a consequence, the simple extrapolation of
the exponential fits (dashed lines) to zero stripper pressure leads to an
overestimation of the charge state yields.

A prominent overshooting of the 2+ charge state is observed at a
stripping energy of 185 keV (Fig. 4b). Here, the transmission curve does
not follow a simple exponential decrease after having reached maximum
transmission. The observed maximum most probably represents a
transient (non steady state) feature where the 2+ charge state is (over-)
populated while 3+ and 4+ charge states evolve towards their respec-
tive equilibrium conditions. Evidence for this comes from the observa-
tion that the populations in the 3+ and 4+ charge states are still steeply
rising with increasing stripper density when the 2+ exhibits its
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Fig. 4. Charge state yields and transmission. Transmission and charge state
yields for U-ions in He. a) Charge state yields as a function of energy deter-
mined at different AMS systems. b) EXAMPLE for the determination of the
charge state yields at MILEA at a stripping energy of 185 keV. Transmission was
recorded as a function of energy for different charge states (filled circles). Data
for stripper densities of 3, 6, and 12 x 10'® at/cm? were corrected for scattering
losses using SRIM using the given acceptance angle of the MILEA stripper of 22
mrad (open circles). The dashed lines represent exponential fits to the declining
part of the transmission curve.

(transient) maximum. In this special case, both, the extrapolation of the
exponential fit to zero and the maximum transmission value would have
led to a significant overestimation of the 2+ equilibrium charge state
yield.

Routine analysis of 226U/238U is performed at a terminal voltage of
260 kV, which is equivalent to a stripping energy of 285 keV for 238U. At
this stripping energy the charge state yield is about 42 % when using He-
stripping (filled circles in Fig. 4a). Below that energy 3+ charge state
yields steadily decrease to 36 % at 182 keV. The same trend with energy
is observed for the 4+ charge state yields which increase from 6 % (182
keV) to 15 % (281 keV). The 5+ charge state yield was significantly
below 1 % for all selected energies and therefore considered negligible.
About 20 % of 238U has been found in 2+ charge state at 181 keV but the
limited bending power of the HE1 magnet did not allow determination
of the 2+ charge state yield at higher energies.

Our results generally fit with published data from other compact
AMS systems [7,36,38]. Maximum charge state yields for 228U%" of 45 %
to 50 % have been reported for stripping energies between 450 keV and
1 MeV [36,38,40]. Existing data obtained with the ETH Tandy system
[8] as well as our results consistently confirm the decreasing population
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of the 3+ charge state at lower energies. Also our yields for the 4+
charge state match reasonably well with literature values indicating a
continuously increasing population of this charge state with energy
(0.1-1 MeV). Significant differences exist between different facilities
regarding the 2+ charge state. Here, results obtained at the ETH Tandy
and VEGA facilities are about a factor of two higher than our results and
values obtained at SARA (CNA). Possible explanations of this difference
may involve ion optical reasons, i.e. problems with the ion beam
focusing at lower than nominal energies, or analytical problems, e.g. a
misinterpretation of the transient maximum as equilibrium charge state
yield. We further note that (except for the 2+) the charge state yields
reported from the VEGA facility tend to match with those reported from
other facilities at higher energies but tend to fall much steeper at lower
energies. This might indicate that a significant fraction of the beam was
lost due to improper focusing of the ion beam at low energies.

In this study (MILEA), the charge state yields have been recorded
with open slits and with a large FC since we intended to minimize beam
losses. For routine measurements smaller FCs are used and apertures are
inserted to constrain the beam and to reduce possible background. This
results in a lower 238U transmission for routine measurements of
236/238YJ than presented in this section. The background and sensitivity
for routine analyses of 236U/238U are described in the following section.

3.2.2. Transmission and abundance sensitivity

Measurements presented in this section have been performed with
the standard setup for 236y (Fig. 2) using an injection aperture (A3) size
of 3 mm (Fig. 1) as this setting provides a good compromise between
high background suppression (see next section) and high transmission
(red squares in Fig. 5). Due to the existence of molecular background
including triply charged UH-molecules [41] measurements of 236U/238U
have to be carried out at higher than optimal stripper pressure (shaded
area in Fig. 5) at a transmission of about 30 %. At He-densities below
about 1.4x10'® at/em? molecular background is not sufficiently sup-
pressed, which is indicated by both the elevated 23°U/238U ratio
measured for the VKkU sample (blue in Fig. 5) and by exponential in-
crease (worsening) of the AS (purple in Fig. 5). At these low stripper
densities the increased AS is not caused by tailing from other U-isotopes
(e.g. 2%°U) but by 238UH3" molecules that survive the stripping process
[42]. At He stripper gas densities of around 1.7 x10*® at/cm? molecular
background is sufficiently suppressed, which is indicated by the AS
reaching a minimum (optimal) value of 5 x 10713, This setting (shaded
area in Fig. 5) is used for routine measurements of 23°U/238U. It provides
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Fig. 5. Abundance sensitivity, transmission and HE-transmission. Abundance
sensitivity (purple), transmission (red) and HE-transmission (blue) as a function
of He-stripper gas density. The hatched region represents the optimal stripper
density for routine analyses of 22°U. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)
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more than 30 % transmission for 23U while the ratio of the VKkU
standard is reduced by less than 20 % of its nominal value (blue circles in
Fig. 5). At much higher than optimal He stripper gas densities trans-
mission decreases to less than 10 % due to increased scattering losses of
the ion beam in the stripper and due to increased energy straggling. At
the same time the AS worsens (rising to 10’10) because the increased
presence of stripper gas in the acceleration gap increases the probability
of charge exchange processes and scattering of background ions such as
5y, Also the 236U/2%8( ratios decrease to about 60 % nominal. This can
be explained by increased angular and energy scattering that leads to a
larger beam diameter, which in turn leads to increased losses of 236U
relative to 238U, because only 20U is confined by additional apertures.
We note that even in this unfavorable case the declined AS does not
cause an increase of the measured 2*U/2%%U ratio of the VKkU sample.
An AS of 1071° only causes a theoretical background at the order of
10*12, which is about 2 % of the measured 23°U/?38U ratio of the VKU
sample at high stripper densities.

The VKkU_hc samples used for this and the following background
experiments yielded a maximum U3* current of up to 1 pA (range:
0.1-1pA) documenting the high-output capabilities of the MILEA ion
source. This further implies that the AS and background measurements
could be carried out with good counting statistics as 0.5pA of 238U3*
current is equivalent to 10'2 ions/s implying that a ratio of 10712 can be
measured at a counting rate of 0.8 counts per second (assuming 80 % HE
transmission).

3.2.3. Background scans and aperture settings

Earlier experiments at the compact ETH Zurich TANDY AMS system
using a time-of-flight detector showed that the main sources of back-
ground for 2*U measurements originate from scattered 2>°U (to a minor
extent also from 238U) [9] and from 23°UH3* molecules [42]. As mo-
lecular interferences can be suppressed by choosing an appropriate
stripper gas density, 235y (and 2*8U) remain as most severe sources of
background for 23U measurements. Since the setup of the MILEA high-
energy side as well as the stripping energies of the actinide ions are
comparable with the Tandy system, we expect similar sources of
background.

235 is injected into the accelerator together with the 23°U1°0, either
as a molecule of the same mass (e.g. 2354170 or 235U'H'%0) or as a tail
from the 23°U'®0 beam on the neighboring mass [7]. 233U can also be
injected as a molecular isobar (®38U'*N) or as a tail from the intense
238160 beam on amu(254). After breakup of the injected molecules in
the stripper 2*°U%* and 238U can reach the GIC after charge exchange
processes in the acceleration gap followed by scattering processes on the
HE side [9].

In a first step to investigate the influence of the slit settings on
background and transmission, apertures A3, A5, and A6 (positions
indicated in Fig. 1) are varied, always starting from the routine setup
indicated by the dashed line in Fig. 6, while AS and the HE transmission
are recorded (Fig. 6). The variation of the HE-apertures A5 and A6 has a
moderate influence on both, AS and HE-transmission. The AS can be
reduced by more than a factor of three (from 1 x 1072t 0.3 x 1071?)
when closing A5 (A6) from 4.5 to 1.5 mm (5 to 1 mm) while HE-
transmission decreases by 25 % (from 80 % to 60 %). The variation of
the injection aperture A3 has a significant influence on AS but not on HE
transmission. Opening A3 from 3 mm to 3.5 mm increases AS by a factor
of eight (from 0.47 x 107!%2 to 3.7 x 107'?), while removing it
completely worsens AS by a factor of 74 (to 35 x 10~'2). The setting of
A3 appears to be most critical as it prevents the injection of tails from
other U-isotopes, and may also reduce hydride (***UH) injection. A more
detailed study of the source for this background will be subject of future
investigations. We note however, that the worsening of the AS by almost
two orders of magnitude still does not have a significant influence on the
measured 2%6U/%38U ratio of the VKkU-standard (or on any other sample
at or above the 10710 level). As argued above, an AS of 10~ 0 will cause a
background of 1072 on the 236U /238U ratio which is at the order of 2 %
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Fig. 6. Abundance sensitivity and HE-transmission for different slit settings.
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different aperture openings A3, A5 (upper panel), and A6 (lower panel). The
positions of the different apertures are shown in Fig. 1. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

of the VKkU standard.

To study in some more detail the sources of background for
25y,/2%8y measurements scans of the HE-ESA and the second HE-
magnet were carried out at slit settings used for the routine runs
(dashed lines in Fig. 6, and A3 = 3.0 mm). The HE ESA scan shows that
after the E/q filter both, 2°U and 238U are detected as a possible source
of background with 2°U representing the higher counting rate (Fig. 7a).
The position of the 2%°U peak in the ESA scan corresponds to 2>°U ions
that passed through aperture A5 (Fig. 1) with the same momentum over
charge (p/q) ratio as 2%°U. Different slit widths for A6 (+1, £1.5, and +
2 mm) are indicated in Fig. 7 showing that even with small slit settings
tails from scattered 2>®U and 2%°U ions may enter the next filter (HE2
magnet).

Scanning the HE2 magnet (ESA slits A6 = +1.5 mm) shows that
background from scattered 238U ions has been removed by the second p/
q filter (Fig. 7b). The only apparent source of background is 2*°U which
appears to enter the HE2 magnet with approximately the same energy
over charge (E/q) ratio as 236y, The vertical lines indicate the x-
dimension of two possible SiN-window sizes of the GIC for actinide
measurements (3x3 mm? or 4x4mm?). Depending on the magnetic field
of the HE2 magnet tails of the 2*°U background might enter the GIC and
then be misinterpreted as 23°U. A careful tuning of the HE2 magnet is
therefore essential to reach good abundance sensitivity and high back-
ground suppression because it can significantly reduce the contribution
of the 23°U tail on 236U. Applying a Gaussian fit to the 23°U scan (blue
line in Fig. 7) suggests a negligible contribution of 2*°U to the
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background on 2%U. This is, however, probably an underestimation
since the tailing of the background cannot be assumed to be perfectly
Gaussian distributed. A more conservative maximum estimate of this
background is performed by extrapolating the exponentially decreasing
trend of the 23U tail (red dashed line in Fig. 7). The estimated counting
rate from this tail is more than 3 orders of magnitude below the
maximum counting rate of 23U on the VKKU sample. Considering the
nominal 2%6U/2%8U ratio of the VKkU of 7 x 107!! the resulting
maximum estimate of background from the 235U tail is 2 x 10714, We
note that this is (i) a very rough estimation since the shape of the 23°U
tail is not known, and (ii) that the contribution from this tail to the 236y
signal also depends on the tuning of the HE2 magnet and can be reduced
by selecting a slightly higher B-field (Fig. 7).

In summary, routine measurements of 2°°U/238U on the ETH Zurich
MILEA system are performed at more than 30 % transmission for 228U
while providing an AS of 5 x 10~ and a HE transmission of more than
80 %. While the low AS indicates a theoretical background at a level of
1071° for 236U/2%8U the extrapolation of tails from 2°U consistently
suggest that the background is <2 x 107'* Together with the high
output and efficiency of the MILEA ion source (see next section) such
low levels of 225U/2%8U background will allow assessing the natural
levels of 2%6U/2%8U in the environment. Lowest 236U/2%8U ratios were
reported from deep Pacific Ocean water samples is in the 1073 range
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[6]. These results, however were associated with very high (>100 %)
uncertainties due to low counting statistics and significant blank cor-
rections. The new MILEA system will allow 236U/2%8U analyses of such
samples with higher efficiency and most probably greater precision.

3.3. Efficiency for U and Pu

To estimate the maximum detection efficiency (EQ (2), section 2.4.4)
for U and Pu samples prepared in an oxide matrix, well known amounts
of 233U and 2*?Pu (about 1 pg each) were co-precipitated using different
amounts of Fe, then oxidized and mixed with various amounts of Nb
powder (Table 1). Two experiments were performed with different ion
source settings before (Fig. 8a and b) and after modification as
described in section 2.2 (Fig. 8¢ and d). In both cases maximum
detection efficiencies of almost 1 % are reached for both U (squares) and
Pu (circles) which translate into ionization efficiencies for UO™ and
PuO~ of more than 3 % (EQ (3)).

Two important differences between the two efficiency tests are
noted. First, during the first run UO™ and PuO~ ionization efficiency
seemed to be similar with regard to both, temporal evolution (Fig. 8a)
and absolute values (Fig. 8b). The second run with the modified higher
output ion source appears to favor UO™ formation over PuO™~ formation
for all sample matrices (Fig. 8d). This effect seems to increase with
larger sample size (increasing amounts of Fe and Nb). For example, the
sample prepared with 3 mg Fe and 6 mg Nb reached a total detection
efficiency of 1 % for 23U but only 0.7 % for 24?Pu after 11 h of sputtering
time. This effect is currently not understood and requires further
investigation. It has however no effect on the routine analysis of acti-
nides since usually only isotopic ratios of the same element are
measured. A different (and may be temporarily variable) ionization ef-
ficiency of different actinide elements, however, will significantly in-
fluence more specialized AMS setups e.g. the analysis of 2’Np using a
242py spike [43].

The second point is that with the modified (higher output) ion
source, maximum detection efficiency of 1 % is reached for 2*°U after 11
h sputtering time, which is 35 % faster compared to >17 h with the
initial setup (Fig. 8a, c). The fact that high detection efficiencies now
can be reached within more reasonable measurement times implies that
larger batches of actinide samples can be analyzed with better precision
due to lower uncertainty from counting statistics. For example, with the
modified NEC ion source installed at the ETH Zurich Tandy system
maximum detection efficiencies at a level of 1-2 %o are reached after ca.
3 h sputtering time [7]. With the modified MILEA ion source values of
4.4 %o and 3.7 %o are reached within the same time for the best per-
forming U and Pu sample, respectively. This implies that twice the
amount of counts is acquired for the rare nuclide resulting in a 30 %
a/ v/2) reduced uncertainty due to better counting statistics.

The highest detection efficiency of up to 1.5 % for PuO™~ extracted
from an oxide matrix has been reported recently using a NEC ion source
[36]. The experiment was slightly different from the efficiency tests
presented here because the sample containing only 25 fg of Pu was split
into two targets and the counts were later combined. The maximum
reported detection efficiency was reached after 22 h of combined sput-
tering time making the highly efficient analysis of larger batches of
actinide samples appear unrealistic. Using the average reported count-
ing rate of about 15 cps observed for 242py over the first 3 h [36] results
in an apparent detection efficiency of 2.6 %o for Pu reached after the first
3 h of sputtering time. The apparent detection efficiencies reached after
3 h with the modified MILEA ion source are a factor of 1.4 (Pu) and 1.7
(U) higher. Although the above comparison strongly depends on the ion
source settings of each system, our results show that the ETH Zurich
MILEA system is ideally suited for the highly efficient and fast analysis of
actinides at environmental levels. Although further studies on the
different ionization efficiency of actinide elements will be carried out we
conclude on the basis of the presented efficiency tests (Fig. 8d) that an
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of this article.)

optimal performing oxide matrix for actinide measurement at the ETH
Zurich MILEA system contains 3 mg Fe and 6-9 mg of Nb powder.

3.4. Stability and first routine operation

Routine measurements of 23U/238U have been carried out with the
initial (blue) and the modified (red), high output ion source of MILEA
(Fig. 9). The temporal evolution of the normalized *U/%3®U ratios (with
x = 233, 236, 235) of the ETH Zurich in house Zutri standard [32] is
shown over a period of 52 h (red) and 25 h (blue) on the left side of the
figure. On the right side, the dependency of the *U/23®U ratios on the
measured 238U or 23%U current is displayed. The lower current output of
the standards in the 2019 run is clearly visible. While the standards gave
2383+ currents in the range of 0.3-1.6 nA their output increased by
more than four times with the modified ion source setup (up to 7 nA).
still, no current dependency of the *U/238U ratios is detected for the high
output run (red data).

Although temporal stability was good in both runs, standard de-
viations of the ratios in 2021 were significantly lower than in the 2019
run due to the higher counting statistics. In this first run in 2021,
XU/2%8y ratios were measured with a standard deviation of 1.6 %
(*5u/%8), 2.0 % (***U/*8U), and 3.6 % (*°U/>*U). Since these re-
sults only reflect one single U-run we consider them preliminary. Future
statistics on routine analyses of 23°U on MILEA will provide more
representative values on long term stability and precision.

In the 2021 run, sea water samples of 1.5-1.9L volume were
analyzed for *U/238U ratios with a precision of 3 % or less (results will be
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published elsewhere). The average 238U3" currents of the samples

ranged between 1 and 2nA. Assuming 100 % chemical recovery the
targets contained not more than 5-7 pg of 228U, which is equivalent to a
maximum sensitivity of 400 pA/pg U for sea water samples and five
times higher than the maximum sensitivity reported for the ETH Tandy
system [44]. The above sensitivity translates into a detection efficiency
of 1 %o after 3000 s measurement time, which is consistent with the
efficiency measurements presented in Fig. 8. Our results thus show that
2 L sea water sampling volume are sufficient to analyze 2°U/2%8U ratios
of >1071° with 3 % precision or better within less than one hour per
sample.

4. Conclusion

Our results demonstrate that the compact, low energy AMS proto-
type system MILEA allows fast, sensitive, and low background analyses
of 22U and Pu-isotopes. It therefore provides a robust and easy to handle
analytical tool particularly for analyzing larger batches of small samples
as, for example, required for oceanographic surveys. With a background
below 2 x 10~ for 2%6U,/238U and a high detection efficiency of up to 1
% for U and Pu, the ETH Zurich MILEA system opens up the field for
investigating natural 2%U/238U in the 1072 range and below while
keeping sample sizes/volumes within reasonable limits.
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side). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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