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Isobaric interference represents one of the major limitations in mass spectrometry. For a few cases in
AMS with tandem accelerators, isobaric interference is completely excluded like the well-known major
isotopes 14C, 26Al, 129I. Additional isotopes are 55Fe (t1/2 = 2.74 years), 68Ge (t1/2 = 270.9 days) and 202Pb
(t1/2 = 52.5 kyr), with 68Ge and 202Pb never been used in AMS so far. Their respective stable isobars,
55Mn, 68Zn and 202Hg do not form stable negative ions. The exceptional sensitivity of AMS for 55Fe,
68Ge and 202gPb offers important insights into such different fields like nuclear astrophysics, fundamental
nuclear physics and technological applications. VERA, a dedicated AMS facility is well suited for develop-
ing procedures for new and non-standard isotopes. AMS measurements at the VERA facility established
low backgrounds for these radionuclides in natural samples. Limits for isotope ratios of <10�15, <10�16

and 62 � 10�14 were measured for 55Fe/56Fe, 68Ge/70Ge and 202Pb/Pb, respectively. In order to generate
accurate isotope ratios of sample materials, AMS relies on the parallel measurement of reference mate-
rials with well-known ratios. A new and highly accurate reference material for 55Fe measurements with
an uncertainty of ±1.6% was produced from a certified reference solution. In case of 68Ge dedicated neu-
tron activations produced a sufficiently large number of 68Ge atoms that allowed quantifying them
through the activity of its decay product 68Ga. Finally, for 202Pb, the short-lived isobar 202Tl was produced
via neutron activation and served as a proxy for 202Pb AMS measurements.

� 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Isobaric interference represents one of the major limitations in
mass spectrometry. In a few cases isobar-free AMS measurements
with tandem accelerators are possible, and consequently lowest
background levels are accessible. Such conditions are achieved if
the isobar does not form stable negative ions either as an atomic
ion or as a suitably-chosen molecular species; well-known exam-
ples are e.g. analyzing 14C�, 26Al�, 129I�, or 41CaH�3 , respectively,
and similarly the radioisotopes in the mass range above Pb.

The above mentioned nuclides are commonly used in AMS in
various applications since many years. We focus on some addi-
tional radionuclides with the same feature, namely allowing iso-
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bar-free AMS measurements: Fe (t1/2 = 2.74 years) [1], Ge (t1/

2 = 270.9 days) [2] and 202Pb (t1/2 = 52.5 kyr) [3]. It was demon-
strated by Korschinek et al. [4] that 55Mn does not form stable neg-
ative ions, and recently first AMS measurements at the VERA
facility, Univ. of Vienna, were performed with applications in nu-
clear astrophysics and nuclear technology [5,6].

No AMS measurements are reported so far for 68Ge and 202Pb.
However, it is well-known that the electron affinities of Zn and
Hg are <0 [7], thus the stable isobars of 68Ge and 202Pb, 68Zn and
202Hg, respectively, should not form stable negative ions, too. We
report here on first AMS measurements at VERA of 68Ge and
202Pb and demonstrate their applicability with some first applica-
tions (Sections 3 and 4).

VERA, a dedicated AMS facility, based on a 3-MV tandem and
featuring high mass resolution in combination with efficient back-
ground suppression and an automated measurement procedure,
allows to transport all nuclides from hydrogen to the actinides to
AMS measurements and reference materials for 55Fe, 68Ge and 202gPb, Nucl.
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the detector stations. Such a facility is well suited for developing
the tuning and measurement procedures for new and non-stan-
dard isotopes. It is also designed to generate highly precise data.
Since reference materials with well-known isotope ratios are re-
quired for optimum applications of these new and exotic radionuc-
lides, we have produced dedicated AMS reference materials for all
three isotopes.
2. Production of a new 55Fe (t1/2 = 2.74 years) reference material

55Fe (t1/2 = 2.744 ± 0.009 years) [1] is not a new radionuclide to
AMS. Korschinek et al. have shown that its stable isobar 55Mn does
not form stable negative ions [4]. Although rather short-lived for
an AMS nuclide, its decay pattern (pure electron capture without
c-emission) makes decay counting feasible only via chemical sep-
aration and X-ray counting using a Si(Li) detector [8] or liquid scin-
tillation counting (LSC) [9]. The extremely low background in 55Fe
measurements observed with AMS, however, allows sensitive 55Fe
detection [10]. We have demonstrated that 55Fe measurements
were reproducible to better than 1%. If selecting Fe�, 55Mn is com-
pletely suppressed. While FeO� provides somewhat higher cur-
rents (up to several lA), Fe� still allows to extract currents
between several hundreds of nA and up to 1.5 lA 56Fe�. We usually
selected the 3+ charge state because of the higher yield of �20% at
3.0 MV terminal voltage compared to the 4+ or 5+ with 12% and 6%
yield, respectively [10].

Our previous 55Fe measurements, though highly precise, still
suffered from the lack of a well-known reference material. We nor-
malized our data of unknown samples to ratios calculated from
neutron activated Fe material. Although the calculation of the iso-
tope ratio is straightforward, unfortunately, these reference mate-
rials were known to �8% only, because the uncertainty of the
thermal cross-section value itself is 8%.

Therefore, we decided to produce a new reference material with
higher accuracy. A 55Fe activity standard from PTB Braunschweig,
Germany (No. 2000-1215) [11], certified to a specific activity of
287 kBq/g (±1.57%, 1r) for a reference date of 1st Oct. 2008 was
used as starting material. The standard was in the form of 55FeCl3

dissolved in 2.0022 g of aqueous solution. Taking a half-life of
(1002 ± 3) days [11] we calculate a total number of
(7.18 ± 0.12) � 1013 55Fe atoms. Four Fe foils of natural isotopic
composition (Goodfellow Ltd., item No. FE000406, high purity
99.9 + %, 5 cm � 5 cm � 0.5 mm) with masses accurately measured
(see Table 1) were dissolved in HCl and FeCl3 was formed. The solu-
tion with the 55Fe activity standard was added to one of these FeCl3

solutions (foil Fe-3, MFe = 9.8616 g). To ensure complete transfer
the ampoule containing the 55Fe solution was washed several
times with bi-distilled water which was also added to the FeCl3

solution. A total mass of 9.8616 g Fe corresponds to 9.758 � 1022

56Fe atoms (natural abundance of 56Fe = 91.754% and a molar mass
of natFe = 55.845, [12]). From these two numbers we calculate an
Table 1
Isotope ratios for our new 55Fe reference materials: the activity standard from PTB itself c
Note, A2 and A1 contain fractions of A0 (f(A0), 47.4% and 0.79%, respectively), therefore the
The final uncertainty of the 55Fe reference material was calculated to ±1.6%. Subsequent
number of 55Fe atoms was calculated from the certified activity of 287 kBq/g using a half

Sample MFe foil [g] N56
Fe (atoms) N55

PTB-55Fe 3.965 � 1017 7.1
A0 9.8616 9.758 � 1022 7.1
A2 10.0066 1.453 � 1023 3.4
A1 9.8512 9.824 � 1022 5.6
Blank 9.8922 9.788 � 1022 –

⁄ Note: all numbers are valid for a reference date 1st Oct. 2008.
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isotope ratio 55Fe/56Fe (7.36 ± 0.12) � 10�10. This solution repre-
sents our master solution A0. By taking aliquots (see Table 1) from
this master solution and adding them to two remaining FeCl3 solu-
tions which contain the other dissolved Fe foils (foils Fe-4, and Fe-
2, respectively) we produced two additional reference materials A2
and A1 with isotope ratios 55Fe/56Fe of 2.34 � 10�10 and
5.77 � 10�12, respectively (see Table. 1). Because the uncertainty
of weighing the involved masses was negligible, all 55Fe reference
materials, A0, A1 and A2 are known to ±1.6%, which is essentially
the uncertainty of the 55Fe activity standard (see Table. 1).

Important, 55Fe is one of the radionuclides in AMS where a ref-
erence date for the activity and its isotope ratio is required, as de-
cay corrections become significant on a month scale due to the
short half-life of ca. 33 months. All isotope ratios are valid for a ref-
erence date of 1st Oct. 2008. The FeCl3 solutions containing the
three 55Fe reference materials and the remaining blank solution
(no 55Fe was added to foil Fe-1) were then converted into solid
form: under pH control FeOH was precipitated, dried and finally
the material was ignited to produce Fe2O3 powder. Between 5
and 10 g of powder was produced for each of the three reference
materials and the 55Fe blank. The two derivatives of the master
solution A0, A2 and A1, were measured in a series of beam times
with AMS at VERA and their measured results were compared to
those measured for the master solution A0. They agreed within
1% (A2) and 2.5% (A1) with the calculated values and thus con-
firmed the quoted isotope ratios table 1.

A different approach for producing a 55Fe/54Fe reference mate-
rial was applied as well: highly enriched 54Fe metal foils and 54Fe
powder samples were exposed to a proton beam of 4 and
5.5 MeV particle energy, respectively. Via a (p,c) reaction radioac-
tive 55Co was produced. 55Co decays to 100% to 55Fe with a half-life
of 17.54 h. After the proton irradiation, the activity of 55Co in the
54Fe samples was measured with a HP Ge diode with well-known
c-ray efficiency (±2.5%). From that quantity the number of 55Co
atoms in the sample was calculated, which – after an appropriate
waiting time – corresponds to the total number of the decay prod-
ucts 55Fe. Including all uncertainties, the final 55Fe/54Fe isotope ra-
tios for these reference samples were known to ±5%. These ‘‘54Fe-
samples’’ and a batch of available 55Fe powder material produced
previously from neutron activations (see above) were cross-cali-
brated to the above mentioned master solution A0. To summarize,
a large amount of well-known 55Fe reference materials with 55Fe/
Fe isotope ratios between 6 � 10�13 and 7 � 10�10 was produced
and is available for AMS measurements.

Recently, we have applied AMS for studying the production of
55Fe in stellar nucleosynthesis [5,13,14]. Additional applications
comprise detailed studies of 55Fe production in a fusion environ-
ment: via fast neutron induced reactions on 58Ni and 56Fe, 55Fe is
produced through (n,a) and (n,2n) reactions, respectively [6,15].
We measured cross sections for 55Fe production under such condi-
tions: natural Fe samples were irradiated at TU Dresden [16] with
neutrons between 13.4 and 14.8 MeV, and at IRMM [17] from 13 to
ontained 58 mg/L FeCl3, which is negligible (0.04 mg) compared to the �10 g added.
total number of 56Fe atoms is higher than calculated from the mass of the Fe foil only.
AMS measurements confirmed the calculated ratios of A2 and A1 relative to A0. The
-life value of (1002 ± 3) days.

Fe (atoms)⁄ 55Fe/56Fe⁄ Remarks

8 ± 0.12 � 1013 Activity std.
79 � 1013 (7.36 ± 0.12) � 10�10 PTB + Fe-3
05 � 1013 (2.34 ± 0.04) � 10�10 f(A0) + Fe-4
73 � 1011 (5.77 ± 0.09) � 10�12 f(A0) + Fe-2

<10�15 Fe-1

AMS measurements and reference materials for 55Fe, 68Ge and 202gPb, Nucl.
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20 MeV. Final results for 56Fe(n,2n)55Fe and 58Ni(n,a) cross sections
are precise at a level of <4% [14].
3. 68Ge (t1/2 = 271 days)
3.1. General aspects of AMS measurements of 68Ge

68Ge is the longest-lived radioisotope of Ge with a half-life of
(270.95 ± 0.16) days [2] (not counting the double-beta decay nu-
clide 76Ge with a half-life of 1.5 � 1021 years, Fig. 1). Similar to
55Fe, 68Ge decays via pure electron capture (EC), directly to the
ground state of 68Ga without emission of any c-radiation. 68Ga it-
self is radioactive and decays with a half-life of 68 min via b+ and
EC primarily to the ground state of stable 68Zn. Only a small frac-
tion (3%) decays to an excited state at 1077 keV and is therefore
associated with a characteristic c-emission line (some higher ex-
cited states are populated as well with a probability <0.4%). 68Ge
is the parent in the 68Ge/68Ga generator (see e.g. [18,19]), well-
known for positron emission therapy (PET). As such large amounts
of 68Ge are produced world-wide. Various production methods via
charged particle induced reactions are applied to generate 68Ge
artificially: e.g. natGa(p,2n)68Ge or a-induced reactions on Zn (e.g.
66Zn(a,2n)68Ge. In nature, 68Ge is produced at very low amounts
by cosmic-ray produced neutrons impinging with high energies
on natGe and forming 68Ge via (n,xn) reactions (natGe(n,xn)68Ge).

The stable isobar to 68Ge is 68Zn. As for 55Fe, also 68Ge does not
either suffer from isobaric interference in AMS measurements be-
cause Zn does not form stable negative ions. First tests at VERA ver-
ified that Zn� is indeed not detected in the beam. 68Ge (Z = 32,
N = 36) is two mass units below the first stable Ge isotope 70Ge
(20.38% abundance). Therefore, any Ge isotope can only form mol-
ecules higher in mass and the beam of mass A = 68 injected into the
tandem accelerator will essentially be free of other Ge isotopes (a
very small fraction of scattered ions might exist, however). The sta-
ble isobar of 68Ge, 68Zn is two atomic units lower (Z = 30).

Elemental Ge forms a very prolific negative ion [20] and pro-
duces excellent currents. The atomic electron affinity for Ge is high
(1.23 eV, compared to Fe with 0.15 eV) [7]. We could easily extract
several lA of 70Ge�, i.e. 5–15 lA of total Ge currents. We did not
observe any difference in sputtering behavior and overall perfor-
mance using either large pieces of Ge crystal crushed into small
grains or fine Ge powder. Usually, Ge was pressed without any bin-
der into the sample holder. In contrast to 55Fe measurements, Ge
currents measured with Faraday cups are all from higher masses
compared to 68Ge. Note, the decay product 68Ge will quickly be
in radioactive equilibrium with 68Ge, with a 68Ga/68Ge ratio of
1.8 � 10�4. However, Ga does not form negative ions as readily
as Ge, thus detector counts will be almost exclusively from 68Ge
and not from its decay product 68Ga.

Tuning was performed with stable 70Ge. For the final setup
attenuated beams of both 70Ge5+ and 72Ge5+ were directed into
the particle detector (ionization chamber) for optimizing the mea-
surement setup and for scaling the energy signals from those runs
to the energy region of interest expected for the rare 68Ge events.
Usually, we selected also 70Ge, the isotope with the closest mass,
for the current measurements. In fast switching mode 70Ge was
bounced into the low energy and high-energy offset Faraday cups
at VERA. Either the 3+ or the 5+ charge state was selected for the
measurements; while 4+ for A = 68, i.e. 68/4 = 17, results in back-
ground originating from lower charge states. We usually utilized
our compact DE/E ionization chamber [21] for Ge measurements.
As expected, detector count rates were very low for blank samples
(see below). At VERA we selected a terminal voltage of 2.9 MV. The
3+ ions had 11.66 MeV and correspondingly 5+ ions 17.46 MeV par-
Please cite this article in press as: A. Wallner et al., High-sensitivity isobar-free
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ticle energy. It turned out that both charge states were comparable
in their performance.

3.2. Natural Ge blank material

We investigated different Ge materials: commercially available
Ge powder and Ge grains (Alfa Aesar, Goodfellow); also a larger
piece from a Ge crystal was available. They were pressed into both
Al and Cu sample holders. No additional powder was added to the
Ge sputter samples and all different kinds of investigated samples
performed well.

AMS results obtained at VERA for such blank samples are plot-
ted in Fig. 2. Most of the runs were essentially without any detector
events. Rarely an event was registered, which could be either a real
68Ge ion or also an ion which mimics a true event. Such events
seemed to be more frequent for runs performed directly after sput-
tering reference samples for a longer time. Also, Cu and Al blank
samples (both empty sample holders and Cu and Al2O3 powder
pressed into sample holders) gave the same (low) number of detec-
tor events as the natGe (blank) samples. Thus, most likely, these
rare events are originating from contamination in the ion source
indicating a cross talk or memory effect of the order of 10�4 or less.

As indicated in Fig. 2, most of the runs on such Ge blank samples
did not result in any 68Ge event. A typical Ge sputter sample
(�10 mg) lasted about 2 h. The mean values for such blank samples
in four different measurement series was 68Ge/70Ge < 7 � 10�16

(measurement series I, 6 blank sputter cathodes, no detector
event), (3 ± 2) � 10�16 (measurement series II, 14 blank cathodes,
3 detector events), (5 ± 3) � 10�16 (measurement series III, 8 blank
cathodes, 5 detector events) and (0.4 ± 0.6) � 10�16 (measurement
series IV, 10 sputter cathodes, 1 detector event), respectively.
Upper limits and isotope ratios for such low-event-number mea-
surements were calculated applying the statistics of Feldman &
Cousin [22]. In total nine events were registered for those blank
samples and interestingly, all these events originate from sputter
samples which were pressed into Al sample holders (note: Ga is
the chemical homolog of Al, thus some Ga might be present in
the sample holder. It cannot be excluded that naturally produced
68Ga (e.g. via (n,2n) on stable 69Ga) will results in some very rare
detector events).

No detector event was registered from any material pressed
into Cu samples holder. However, due to the low number of counts,
this might just be coincidence. In addition, 3 out of the 5 events
registered in measurement series III were obtained after a long
sputtering time on reference samples with isotope ratios 68Ge/70Ge
of a few 10�12. Although on the limit of significance, this ‘‘higher
frequency’’ may originate from cross contamination in the ion
source and this finding fits to the conclusion for 68Ge events regis-
tered for pure (empty) Al and Cu sample holders (see above). In the
first measurement series, no reference sample was measured to-
gether with the unknown samples, and in the last measurement
series (IV), after a short beam tuning, only one reference sample
(68Ge/70Ge �10�12) was measured together with a large number
of samples low in 68Ge content.

Such low background levels in combination with Ge currents of
a few lA makes AMS a sensitive tool for 68Ge measurements and it
is basically limited by the number of 68Ge atoms in the sputter
sample. If we assume an overall AMS efficiency of 5% (conservative
estimate, the electron affinity of Ge is almost identical to that of
carbon) and 104 68Ge atoms available in a 1 mg natGe sample, we
expect 50 detector counts from that sample if fully consumed;
these numbers corresponds to an isotope ratio of
68Ge/70Ge = 6 � 10�15, well above the ratios found for blank sam-
ples. Moreover, that sample is measured in less than 1 h. For com-
parison, 104 68Ge atoms correspond to an activity of 0.3 mBq (or
one 1077 keV c-ray emitted per day). Only pure Ge metal samples
AMS measurements and reference materials for 55Fe, 68Ge and 202gPb, Nucl.
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Fig. 2. Isotope ratios measured at VERA for natGe samples (blank samples). The left plot shows results from the first three measurement series, the plot on the right side
results from a fourth measurement. The mean 68Ge/70Ge isotope ratios in these four beam times were all low and between 0 and 5 � 10�16.

Fig. 1. Chart of the nuclides [12] showing the mass region of interest for 68Ge-AMS measurements. 68Ge is the parent of the PET nuclide 68Ga. The isobar 68Zn does not form
stable negative ions.
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were investigated so far. If sample preparation is required prior to
AMS measurements some additional background ions cannot be
excluded.

3.3. Reference material for 68Ge measurements

The standard technique for quantifying larger amounts of 68Ge
is liquid scintillation counting. Other decay counting techniques
like c-counting suffer from the low c-ray probabilities in this decay
chain. For example 50 mg of natGe with an isotope ratio 68Ge/70Ge
of 1 � 10�12 contain 8.4 � 1019 70Ge atoms, and 8.4 � 107 68Ge
atoms. The latter number corresponds to an activity of 2.5 Bq.
While LSC can easily handle such activities, c-ray detection ap-
proaches its limits due to c-rays only emitted in the decay of the
daughter 68Ga and here only with a probability of �3%. Dealing
with significantly lower isotope ratios also makes LSC challenging.

We produced a reference material for 68Ge measurements by
bombarding natGe material with highly energetic neutrons at PSI
(590 MeV protons were impinging on a massive Pb spallation tar-
get and produced a white neutron spectrum from thermal up to
590 MeV [23]). 68Ge was produced via (n,xn) reactions on the sta-
ble Ge isotopes. The first stable isotope in mass to 68Ge is 70Ge, and
Please cite this article in press as: A. Wallner et al., High-sensitivity isobar-free
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followed by 72,73,74,76Ge (see Fig. 1). The neutron threshold energy
for 70Ge(n,3n) is 20.01 MeV. For the other isotopes much higher
neutron energies for 68Ge production are required, between
38.42 and 71.74 MeV. For the production of reference materials,
samples with masses of �100 mg Ge with natural isotopic compo-
sition were exposed to these spallation neutrons with irradiation
times between 1 min and 1 h. The samples with the highest isotope
ratios (>10�12) were accessible to decay counting. Their number of
produced 68Ge was measured through the c-rays emitted in the
decay of the daughter nuclide 68Ga. 68Ge/70Ge isotope ratios be-
tween 10�14 and 10�12 were obtained in these neutron irradia-
tions; with the lower isotope ratios cross-calibrated via AMS
relative to the ‘‘10�12 samples’’.

3.4. First application: Measurement of the 70Ge(n,3n)68Ge cross section
near threshold

68Ge is in nature – at very low levels – produced predominantly
via (n,xn) reactions on natGe with highly energetic neutrons, as sec-
ondary products from primary cosmic rays. For studying the most
likely production channel in nature, the 70Ge(n,3n)68Ge reaction,
which has its threshold at a neutron energy of 20.01 MeV, natGe
AMS measurements and reference materials for 55Fe, 68Ge and 202gPb, Nucl.
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samples were irradiated with quasi-mono-energetic neutrons at
IRMM, Belgium [17]. The irradiations were carried out with the
7 MV Van de Graaff accelerator. Neutrons with energies of 18.8,
21 and 22 MeV were produced via the 3H(d,n)4He reaction
(Q = 17.59 MeV) using a solid-state Ti/T target of 2 mg/cm2 thick-
ness on a gold backing of 0.5 mm thickness. In total, three different
Ge samples were irradiated with neutron energies around the
threshold of the (n,3n) reaction.

First results from AMS measurements showed no 68Ge detector
events for samples irradiated with neutrons below the (n,3n)
threshold. The sample irradiated with 22 MeV, however, indicates
isotope ratios 68Ge/70Ge of a few times 10�15, clearly above back-
ground. These measurements are in progress now.

Recently, we have investigated the Ge performance with a dif-
ferent AMS setup, with the ANTARES accelerator [24] at ANSTO.
The same Ge material as analyzed at VERA was sputtered, and
again Ge� was injected into the FN tandem, which was operated
at 3.62 MV. The 3+ charge state was selected which gave a high
charge state yield of 22–23% (at VERA most measurements were
performed with the 5+ charge state). Two different blank samples
(Ge powder and Ge grains, both from Alfa Aesar) gave no counts
in runs of more than 1 h. Both measurements gave upper limits
of 68Ge/70Ge < 5 � 10�16 (according to Feldman and Cousins,
[22]). The reference material gave the same results as measured
at VERA. Interestingly, sample holders made of pure Al, which
served as pure blank samples in these measurements, showed
measurable Ge currents of some nA. Currents for different masses
reproduced the isotopic abundance ratios of the stable Ge isotopes.
Compared to the lA of Ge current obtained from the Ge samples,
such currents as extracted from the Al sample holder, however,
represent of the order of ‰ contamination with Ge.
4. 202gPb (t1/2 = 52,500 years)
4.1. General aspects of AMS measurements of 202gPb

202gPb is a long-lived isotope which is rather rarely used in sci-
ence and technology. Since a few years, it has been applied for pre-
cise isotopic analysis of Pb in sub-nanogram quantities by thermal
ionization mass spectrometry (TIMS). Here, a 202Pb-205Pb-double
spike is used for TIMS analysis of Pb which allows an internal frac-
tionation correction for U-Pb dating of various rocks, minerals, and
meteorites [25]. In addition, a short-lived isomer, 202mPb exists,
which, however, decays with a half-life of 3.62 h directly (100%)
to unstable 202Tl (t1/2 = 12.23 days) (see Fig. 3).

Previous Pb measurements with AMS were performed mainly
for 205Pb (t1/2 = 15 Myr) [26] at GSI-UNILAC in a geochemical
experiment where 205Tl was suggested as a solar neutrino detector.
For such measurements, the major difficulty was the separation of
the stable isobar 205Tl. AMS measurements of 205Pb requires the
highest particle energies available; thus AMS at GSI was the only
approach so far. The passive absorber technique was used and par-
ticles with energies of 11.4 MeV/u (2.34 GeV) were analyzed
achieving a suppression factor of about 1000 for 205Tl.

In contrast to 205Pb, 202gPb measurements do not suffer from
isobaric interference, if Pb� is selected. The stable isobar, 202Hg,
does not form stable negative ions and thus no interference from
202Hg is expected. Therefore, much lower particle energies are suf-
ficient compared to 205Pb measurements and standard AMS facili-
ties can be utilized. 202Pb, similarly to 68Ge, is two mass units lower
than the lightest stable Pb isotope, 204Pb, which has a natural abun-
dance of 1.4% only. Tl (Z = 81), is one charge unit lower than Pb, and
has two stable isotopes with A = 203 and 205, which are also high-
er in mass than the radionuclide 202Pb (see Fig. 3). Therefore, con-
Please cite this article in press as: A. Wallner et al., High-sensitivity isobar-free
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sidering close-by isotopes, only Hg can form molecules (e.g.
hydrides) which may be injected into the tandem if mass 202 is
analyzed. To summarize, 202Pb measurements are expected to be
isobar-free, and there is a low chance for neighboring isotopes to
be injected into the tandem accelerator and eventually be trans-
ported to the particle detector. Hence, we expect a very low back-
ground for 202Pb� AMS measurements. This case is different to
other heavy isotope measurements being also in fact isobar-free,
but where interference from neighboring masses limits the sensi-
tivity of AMS. For example, 236U measurements are often limited
by interference from 235UH molecules, and a low energy tail of lea-
ky 235U in the time-of-flight spectrum [27–31]. This effect is even
more pronounced in case of AMS measurements of 210mBi where
the isotope 209Bi is interfering also one mass unit lower, and in
contrast to 235U (0.72%), 209Bi is the only stable isotope.

Lead has a small electron affinity (E.A. = 0.364 eV) [7] and sput-
ters very quickly [20]. Although elemental Pb performs poorly
compared to molecules, we were able to extract 208Pb� currents
up to 30 nA (similar values were observed for highly enriched
204Pb�, see Section 4.4). The 4+ charge state was selected, which
was formed with a charge state yield of about 5–6% and corre-
spondingly, currents between 1 and 4 nA 208Pb4+ were measured
at the high energy side. At VERA lead measurements were per-
formed in the same way as e.g. 236U measurements, utilizing the
heavy-ion beamline featuring a 2.8-m flight path for TOF measure-
ment and a Bragg-type ionization chamber for the energy mea-
surement [32].

4.2. Pb blank material

We investigated commercially available natural lead material,
both metallic foils and Pb powder as blank materials for 202gPb
measurements. Lead is soft and metallic foils can easily be pressed
into sample holders. Results from two AMS beam times at VERA for
such Pb blank measurements are plotted in Fig. 4: 11 and 15 sput-
ter samples were measured, all between 1 and 2 h of sputtering
time each. Only one count was registered in the first measurement
series, none in the second. The measured isotope ratios for these
blank samples were 202Pb/Pb = 2 � 10�14 and <10�13, respectively.
For natural lead, 208Pb� was analyzed as the stable reference iso-
tope. These low background values confirm the expected perfor-
mance of Pb� measurements at VERA.

4.3. Reference material for 202Pb measurements

A reference material for 202gPb AMS measurements was not
available for these measurements. Therefore, we used the short-
lived isobar 202Tl (t1/2 = 12.2 days) as a proxy for the beam trans-
mission of 202Pb at the high energy side. To this end, highly en-
riched 203Tl was irradiated with neutrons and via (n,2n) 202Tl was
produced. Due to the high production cross section of 202Tl for
14–20 MeV neutrons and its short half-life, a measurable activity
of 202Tl was obtained. Detection of the dominant c-line at
439.6 keV (94%) associated with the decay of 202Tl allowed calcula-
tion of the amount of 202Tl isotopes in that sample. In combination
with the well-known mass of the Tl sample, 202Tl/203Tl isotope ra-
tios were calculated with uncertainties between 5% and 7%. Neu-
tron irradiations of 203Tl were performed also at IRMM [17], in
parallel with 204Pb activations (see Section 4.4, below). In addition,
a dedicated activation was performed at TU Dresden’s 14-MeV
neutron generator [16]. Therewith, 202Tl/203Tl isotope ratios of
(0.7–3) � 10�11 were produced in these irradiations. For a 30 mg
enriched 203Tl sample and an isotope ratio of 1 � 10�11, an activity
of about 580 Bq was generated, easily measurable with a conven-
tional HP Ge detector. However, because of the short half-life of
202Tl, its production, the activity measurement and subsequent
AMS measurements and reference materials for 55Fe, 68Ge and 202gPb, Nucl.

http://dx.doi.org/10.1016/j.nimb.2012.03.029


Fig. 3. Chart of the nuclides showing the mass region of interest for 202Pb-AMS measurements. The isobar 202Hg does not form stable negative ions [12].

Fig. 4. Isotope ratios measured at VERA for natPb samples (blank samples). The left plot shows results from a first measurement series (11 blank samples), the plot on the right
side results from a second measurement (15 blank samples). The 202Pb/Pb isotope ratios were all low with (2 ± 3) � 10�14 and <10�13, respectively. Only one count was
registered in total.
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AMS usage had to be organized in a timely manner, and were per-
formed directly after each other.

Tl does not form negative ions readily (its electron affinity is
even lower than that of Pb, (0.2 eV, compared to 0.36 eV) [21]. In
order to serve as proxy for 202Pb, 202Tl measurements required
the usage of the elemental ion as well, to completely suppress
202Hg isobaric interference. Typical currents were between a few
and up to 15 nA 203Tl�, corresponding to 1–3 nA 203Tl4+.

4.4. First application: measurement of the 204Pb(n,3n)202gPb cross
section near threshold

Lead in general is of interest for both, developments in nuclear
physics and for applications: (i) in nuclear physics the closed pro-
ton shell of lead had led to numerous studies of nuclear structure
and nuclear reactions to test and develop nuclear models; (ii) in
engineering and research lead is found everywhere for shielding
against gamma-radiation, and also in neutron environments; (iii)
in advanced reactors liquid lead is proposed as a possible coolant
alternative to sodium or gas; and (iv) in accelerator driven systems
lead is part of the proposed spallation target (e.g. as lead–bismuth–
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eutectic or as liquid lead). Due to the high neutron flux in such sys-
tems in combination with the high proton and neutron energies
(several 100 MeV, typically), nuclear reactions will produce all kind
of nuclides close to the target elements. Consequently, a mixed
waste is generated which complicates the spallation target dis-
posal. In particular, via neutron capture 210mBi (t1/2 = 3.0 Myr) will
be produced, and via spallation processes the long-lived radioiso-
topes 202Pb, 205Pb, and 194Hg will be produced. Calculations show
that after 104-years cooling time, the dominant radionuclide, rep-
resenting 50% of the activity, is 202Tl, which is populated by the
beta decay of the long-lived 202gPb. [33].

202gPb is produced via (n,xn) reactions. A particular feature of
the lead isotopes in general are the low (n,2n) and (n,3n) thresh-
olds. For instance (n,3n) channels are open well below 20 MeV
neutron energy. The reaction 204Pb(n,3n)202Pb is an example of a
reaction that could not be studied before (no experimental data
available) because the end product is long-lived (5.25 � 104 years)
and it emits no gamma-rays.

We investigated the possibility of AMS measurements for
studying this reaction. No AMS measurements exists so far for
202Pb. Experience on the performance at VERA for heavy isotopes
AMS measurements and reference materials for 55Fe, 68Ge and 202gPb, Nucl.
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Fig. 5. Time-of-flight and energy spectra measured at VERA for Pb samples highly enriched in 204Pb. The left plot shows results for un-irradiated (blank) samples. The right
plot shows the signals obtained from 4 neutron-irradiated samples. The (blue) rectangle indicates the region of interest for 202Pb detection. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. AMS measurements at VERA for enriched 204Pb samples. Non-irradiated
blank samples were analyzed in three beam times. No detector count was
registered for 202Pb, corresponding to an upper limit <10-13 for 202Pb/204Pb
(statistics according to [20]).
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has shown that isotope ratios 202Pb/204Pb of several 10�12 need to
be produced in neutron irradiations in order to obtain good quan-
titative results. As mentioned above, in case of 202Pb no interfer-
ence from lower masses was expected.

Lead samples, highly enriched in 204Pb, were activated with
neutrons at IRMM with neutron energies of 18 and 20.5 MeV. We
estimated the following numbers: assuming a cross-section value
of 0.25 barn (at 18 MeV) and 1 barn (at 20.5 MeV), and a neutron
flux of 2 � 107 s�1, conversion ratios 202gPb/204Pb of 2.5 � 10�12

and 1 � 10�11 were calculated for 100 h continuous neutron
irradiation.
Table 2
Summary of AMS performance for 55Fe, 68Ge and 202gPb at VERA. 202gPb was measured re
ratio of radionuclide and reference isotope for natural (un-irradiated) and unprocessed m

Radionuclide Neg. ion Reference isotope

55Fe Fe� 56Fe
68Ge Ge� 70Ge
202gPb Pb� 208Pb
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The isotope ratio 202Pb/204Pb produced in the neutron irradia-
tion was measured at VERA and normalized to the 202Tl/203Tl ratios
of the parallel measured Tl reference samples (see above). Typical
spectra for enriched 204Pb samples are shown in Fig. 5. Plotted are
energy versus time-of-flight (TOF) spectra for three blank samples
(Pb foils, highly enriched in 204Pb, not irradiated) and for four sput-
ter cathodes of a neutron irradiated 204Pb sample (right plot). The
region of interest in energy and TOF for 202Pb4+ signals is indicated
by the rectangle. No events were registered for non-irradiated
samples during any of the beam times (see Fig. 6) which confirms
the low background results for AMS measurements on natPb sam-
ples (see above). The irradiated samples show clear 202Pb signals.
Isotope ratios 202gPb/204Pb of 6 � 10�12 and 1.4 � 10�11 were mea-
sured for samples irradiated with neutrons with energies of 18 and
20.5 MeV, respectively, i.e. isotope ratios more than two orders of
magnitude above background. The final uncertainty in the cross-
section data will be dominated by the uncertainty in the isotope
ratio of the reference material.
5. Summary

AMS offers highest sensitivity for radionuclides which can be
measured isobar-free. Besides the well-known cases of 14C, 26Al,
129I or molecules like 41CaH3 and the actinides, a few additional
isotopes belong to the same category: 55Fe, 68Ge and 202gPb can
be measured isobar-free as well, because manganese, zinc and
mercury do not form stable negative ions. 55Fe is sandwiched by
stable 54Fe and 56Fe, therefore some isotopic suppression is re-
quired, to reduce leaky 54FeH� in the beam. The two other isotopes,
68Ge and 202Pb are both two mass units below the first stable iso-
tope (70Ge and 204Pb, respectively). Moreover, their stable isobar is
also two units in charge lower. Thus, natural production is ex-
pected to be low. AMS measurements at VERA for these radionuc-
lides indeed showed no measurable contents of these
lative to 208Pb and to enriched 204Pb. Background ratios means the measured isotope
aterial.

Max. ion current Detector Background ratios

1.5 lA Ion. chamb. <10�15

5 lA Ion. chamb. <2 � 10�16

40 nA TOF/E <5 � 10�14

AMS measurements and reference materials for 55Fe, 68Ge and 202gPb, Nucl.
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radionuclides in natural samples. Isotope ratios of <10�15, �10�16

and �2 � 10-14 were measured in blank samples for 55Fe/56Fe,
68Ge/70Ge and 202Pb/Pb, respectively (see Table 2). The low back-
ground of 68Ge-AMS was independently confirmed at ANSTO. The
few events registered in 68Ge measurements at VERA might be
attributed to cross-talk from reference materials in the MC SNICS
ion source which may occur at levels of 10-4 to 10-5 relative to
the reference samples.

Such a high sensitivity in AMS detection opens interesting
applications, e.g. in nuclear astrophysics, fundamental physics
studies or in technological applications. These non-standard AMS
isotopes, however, require the production of appropriate reference
samples. For 55Fe, several grams of a new reference material with
an accuracy of ±1.6% were produced via dilution of a precisely
known 55Fe reference solution. In case of 68Ge and 202Pb, reference
samples were produced by intense sample irradiations with fast
neutrons and subsequent measurement of the activity of their
shorter-lived decay products, 68Ga and 202Tl, respectively, which
were in radioactive equilibrium with their parents. In addition,
neutron irradiation of 203Tl produced directly 202Tl which served
as a proxy for 202Pb measurements.
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