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a b s t r a c t

The method of Ion-Laser InterAction Mass Spectrometry (ILIAMS) offers new options for the determi-
nation of 26Al by Accelerator Mass Spectrometry (AMS) and improves the sensitivity and efficiency for
the detection of this isotope in artificial and environmental samples. In ILIAMS, a laser is overlapped with
the ion beam during its passage through a radiofrequency quadrupole ion cooler. Those ions with
electron affinity lower than the energy of the photons are selectively neutralized in a photodetachment
process. Because the electron affinity of MgO is lower than that of AlO, ILIAMS can suppress the isobar
26Mg by 14 orders of magnitude. No further isobar suppression on the high-energy side of the spec-
trometer is necessary, so that the more prolific AlO¡ beam can now also be used at facilities with ter-
minal voltages < 5 MV. At the 3 MV Vienna Environmental Research Accelerator (VERA) routine 26Al AMS
measurements assisted by ILIAMS are performed utilizing AlO¡ extracted from the ion source and charge
states 2þ and 3þ for the Al ions after the accelerator on the high-energy side of the spectrometer. The
most efficient generation of AlO¡ currents (in the range of several mA) is realized when mixing the Al2O3

sample material with Fe powder. Blank materials are measured down to 26Al/27Al ratios of 5,10¡16. The
efficiency relative to the use of Al¡ extraction is improved typically by a factor 3e5 and thus the new
method is useful for measurements with highest sensitivity and down to very low 26Al/27Al ratios.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The long-lived nuclide 26Al (T1/2 ¼ 717 ± 24 kyr [1], occurs on
Earth mainly as a product of spallation reactions of the galactic
cosmic rays on target atoms such as Si. Typical abundances relative
to the stable isotope 27Al range from 26Al/27Al ¼ 10¡15 to 10¡11. The
necessary detection sensitivity can only be reached by using the
method of Accelerator Mass Spectrometry (AMS) and detection
limits of 26Al/27Al<10¡15 have been documented, e.g. by Refs. [2,3].

AMS uses negative ions that are extracted from the sample
material in a Cs sputter ion source. Sputter targets prepared in the
chemical extraction of Al from the original sample (e.g. rock or
sediment) normally consist of Al2O3. Usually, they are then mixed
lty of Physics, 1090, Vienna,
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with a metal to boost the extraction of Al¡ with an electron affinity
(EA) of 0.43 eV [4] from the ion source. Because of this relatively
low binding energy, conventional 26Al AMS measurements suffer
from moderate Al¡ currents (usually several 100 nA, e.g. Ref. [5] to
mA [6,7]). As Mg does not form atomic negative ions, the final
detection of ions at mass 26 is not affected by the isobar 26Mg.
Extraction of AlO¡ (EA¼ 2.60 eV [8]) from the same target results in
much higher efficiency of Al usage. In this case, the isobar 26Mg is
also extracted from the ion source in form of the molecule MgO¡

(EA ¼ 1.62 eV [9]) and interferes during the final detection.
The great number of applications for the radioisotope 26Al has

triggered efforts to improve the efficiency of the AMS measure-
ment. Several studies dealt with the improvement of the Al¡

extraction by admixing suitable metal matrices to the sputter
cathodes [5,10]. Still, the prolific AlO¡ molecule can give more than
10 times the beam intensity of Al¡. This approach, however, implies
the need for additional isobar suppression. Methods to suppress
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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the 26Mg isobar were established first at large AMS facilities using
full stripping of the ions (Z(26Al) ¼ 13 > Z(26Mg) ¼ 12) [11,12] or
gas-filled magnets [13,14]. The high energies required for these
isobar separation techniques are generated by selecting high
charge states (e.g. 7þ) after tandem accelerators with � 8 MV
terminal voltage. Still, their stripping yields for the high charge
states are typically factors of 2e4 lower than for charge states <3þ
at compact accelerators. Despite these losses in the detection sys-
tem and in the ion transport, the better formation of AlO¡ relative
to Al¡ leads to an improvement in the overall efficiency for 26Al
measurements. This is of special interest when studying low-level
samples, which requires high sensitivity. The use of a gas-filled
magnet was also tested at a medium-sized (6 MV terminal
voltage) accelerator [15]: With a good chemical preparation, i.e.
very small amounts (ppm range) of Mg being present in the final
sputter sample, an improvement in efficiency by a factor of 5 could
be reported.

Summarized and simplified, the two available alternatives for
26Al measurements are: 1) measurements at larger facilities with
higher sensitivity using AlO¡, or 2) measurements using Al¡ at
compact facilities, that are more readily available, straightforward
to operate and allow for high transmission through the accelerator
with a simple detection by counting in a gas ionization chamber.

The method of Ion-Laser-InterAction Mass Spectrometry
(ILIAMS) aims at combining the best of both worlds, the high
ionization yield of AlO¡ and the high transmission for low charge
states. Regarding the separation of the isobars, ILIAMSmakes use of
their different electron affinities. Inside the ion cooler, the atomic or
molecular anions can be neutralized by detaching the surplus
electron or the anions are transformed into another compound. In
order to detach the electron or to break a charged molecule into a
neutral and a charged part, sufficient energy has to be introduced
into the system, e.g. via collisions with particles or absorption of
photons. For the chemical transformation, a suitable chemical re-
action partner, e.g. an oxygen or fluorine containing compound, has
to be present. A separation of the isobars is realized if only the
interfering isobar is subject to the neutralization or transformation.
In the case of photodetachment, the monoenergetic laser photons
can transfer a well-defined energy to the system. This simplifies
predictions about the anions suitable for the purpose of ILIAMS if
the relevant (adiabatic) electron affinities are known. As shown in a
proof-of-principle setup [16], MgO¡ can be neutralized while
leaving macroscopic amounts of AlO¡ unaffected. In the following,
we describe the implementation of ILIAMS for measurements of
26Al at the Vienna Environmental Research Accelerator (VERA).

2. Methods

The ILIAMS setup is part of the injector beam line to the accel-
erator and therefore is compatible with the use of accelerators of
different terminal voltage. The technique and setup are described in
Refs. [16,17]; first data on the realization in combination with AMS
and its use as the established AMS method for 36Cl detection at
VERA are presented in Ref. [18] (including a schematic of the setup
as used in this study) and [19].

The main principles of the ILIAMS setup installed at the VERA
facility are repeated here in short form: Negative ions are produced
in atomic and molecular form in the Cs sputter ion source and
selected by mass in a 90∘ bending magnet. The following ILIAMS
setup is on a high-voltage platform, so the selected anions are
decelerated electrostatically to ca. 60 eV. On that platform, the ions
are further cooled by collisions with a buffer gas (typically He) and
are transported for nearly 1 m inside the radiofrequency quadru-
pole (RFQ) ion cooler. A low guiding voltage helps in pushing the
ions towards the exit aperture. Within the time of their passage
2

through the system, the ions can be overlapped with a collinearly
injected laser beam.

The experiments described here make use of a frequency-
doubled Nd:YVO4 laser (l ¼ 532 nm, VERDI-V18, Coherent) with
maximum output power of 18 W. This laser delivers 2.33 eV pho-
tons and is suitable to suppress the isobar MgO¡ (EA ¼ 1.62 eV) via
photodetachment while AlO¡ (EA ¼ 2.60 eV) remains unaffected.

A perforated metal sheet can be automatically inserted in the
beam path between the ion source and the first magnet and pro-
vides a reduction of the beam intensity by a factor of 60 without
affecting the phase space of the ion beam [19]. This attenuator is
helpful during the tuning of the stable beam and necessary for the
normalization of the rare ions to the abundant beam in routine
measurements. No alteration of this reduction factor, e.g. by
degradation of the used perforated metal sheet, is observed over
the time scale of a beamtime, which typically lasts a week.

The negative ions are reaccelerated and directed towards VERA,
where further mass selection and ion detection takes place [2]. On
the central high-voltage platform of the accelerator (up to 3 MV at
VERA) the ions are positively charged and reach total energies of
several MeV. On the high-energy side the positive ions are analyzed
by mass over charge and the intensity of the radioisotope beam is
recorded via counting individual events in a simple gas ionization
chamber (GIC) [20].

3. Results

3.1. Improved measurement efficiency by higher ion source output
using AlO�

The intensity of the ion beam currents extracted from the AMS
Cs sputter ion source is affected by the metal matrix mixed to the
Al2O3. Tests for the optimal output of AlO¡ were conducted using
matrices of Ag, Cu, Fe, and Nb metal powders. The cathodes con-
tained a known amount of Al2O3 (z2 mg) and were sputtered for
5e7 h, which represents long sputter durations during a mea-
surement aiming at consuming most of the sample material. For
each mixture (1:1, 1:2, or 1:3 by weight) three or more targets were
prepared in Cu sample holders. Their output currentwasmonitored
in consecutive and continuous mass scans of the magnet after the
ion source. The mass scans were conducted at a constant magnetic
field by adjusting the high voltage potential of the ion source. The
presented data were recorded in two experiments at two different
magnetic fields to allow for mass scans in the range from 26 amu to
45 amu and from 41 amu to 67 amu. A mass scan is repeated three
times on a cathode. This way, the material is in the ion source for
about 10 min before we change to the next target. The individual
targets are measured in several turns of the wheel simulating the
conditions of a real measurement. By recording currents over the
whole range of the mass scan it is possible to gain information on
interfering anions, e.g. identifying the 54Fe¡ part at m ¼ 54 amu
(27Al2¡) from the recorded 56Fe¡ intensity. This way, we can
conclude that >90% of the beams at 27 amu, 43 amu, 54 amu and 59
amu actually contain Al. The efficiency of ion formation is derived
from the number of Al extracted as anions relative to the total
number of Al atoms in the sample (Fig. 1).

Mixtures with little additional material (i.e.1:1 byweight) dilute
the Al2O3 to a lesser extent and thus lead to high currents and ef-
ficiencies of AlO¡ extraction for all materials. An Fe matrix en-
hances the AlO¡ yield by ca. 50% compared to the other mixtures
(Fig. 1 a). All mixtures provided AlO¡ currents that typically
amounted to 1e4 mA. This is an increase by a factor 25e30 when
compared to extracting of Al¡, for which typically 40e120 nAwere
measured during these tests (Fig. 1 c). The AlO¡ output did not
show any short-timed variations. This compares well to previous



Fig. 1. Efficiency of Al anion formation for the species AlO¡ (part a), AlO2
¡ (part b), Al¡ and Al2¡ (part c) with metal matrices Fe, Ag, Cu, Nb in different mixing ratios. Part d depicts

the development of the AlO¡ current for a set of Al2O3 and Fe mixed samples.

J. Lachner, M. Martschini, A. Kalb et al. International Journal of Mass Spectrometry 465 (2021) 116576
studies where similar outputs were found by mixing Al2O3 with Ag
and Cu [11,14].

In addition to AlO¡ and Al¡, we also checked other molecules
containing Al and found AlO2

¡ currents in the range of several
100 nA and Al2¡ only yielding single nA (Fig. 1 b c). Further tests
using Al metal powder resulted only in AlO¡ currents of several
10 nA. For most experiments described in the following, Al2O3 was
mixed with Fe metal powder in a 1:1 wt ratio.
3.2. Beam transport through the ion cooler: isobar suppression with
ILIAMS

The transmission of negativemolecules is influenced strongly by
the settings of the ion cooler. Being a molecular isobar system, the
pair of AlO¡ and MgO¡ shows some pronounced features of isobar
suppression in an ion cooler in addition to the effects expected from
laser photodetachment. Generally, the adiabatic electron affinity is
defined [21] as the transition energy from the ground vibrational/
rotational state of the anion to the ground vibrational/rotational
state of the neutral. In the simpler situation of atomic anions (e.g.
Cl¡, S¡, Cu¡, I¡) only the ground state of anion and the ground state
of neutral are relevant, whereas for the molecular anions additional
breakup reactions into a charged and neutral fragment have to be
considered. These reactions may already be stimulated at energies
below the adiabatic electron affinity.

Quantum-mechanical calculations of the dissociation process
were performed for the AlO and MgO anion. The potential energy
curves were computed to model the energy profile of the
3

dissociation of MgO and AlO in their neutral and anionic states.
These computations were performed using the uncontracted
multireference configuration interaction (MRCI) method [22,23] in
connectionwith the Pople extensivity correction [24] and the ANO-
L-VTZP basis set [25]. The orbitals were optimized using a complete
active space self-consistent field computation with 8 (MgO), 9
(MgO¡ and AlO) or 10 (AlO¡) electrons distributed in 8 orbitals.
MRCI computations used the same active space as a reference space
and included single and double excitations out of this space. The
Columbus program system [26,27] in conjunction with integrals
generated by Molcas [28] was used.

These estimations predict that for MgO¡ the separation of one
e¡ at the equilibrium geometry is energetically favorable over the
dissociation into a neutral and a charged fragment (Fig. 2a). The
estimations give a value close to the electron affinity of 1.6 eV for
the transformation of MgO¡ into the singlet state of MgO þ e¡. The
dissociation of the MgO¡ molecule into a neutral and a charged
fragment, i.e. Mg þ O¡, requires a higher energy of 2.8 eV. In
comparison, the potential well of the AlO anion is much deeper
(Fig. 2b) and the dissociation energy is 6.3 eV.

In the experiment the transmission of MgO¡ reacts sensitively
to the settings of the ion cooler. The transport of MgO¡ is improved
with rather short residence times inside the ion cooler and fewer
interactions with the buffer gas. The residence time and the num-
ber of collisions can be regulated by changing the pressure of the
buffer gas and the strength of the longitudinal field guiding the ions
through the ion cooler. A successful suppression of the isobar 26Mg
therefore is provided by transporting the ions for a rather long time



Fig. 2. a) Potential energy curves for the MgO anion and the neutral molecules in singlet (paired spin) and triplet (parallel spins) state with detached electron. Photons with an
energy of 2.33 eV can initiate a detachment to the singlet or the triplet state. b) Potential energy curves for the AlO anion and the neutral molecule state with detached electron. The
photon energy of 2.33 eV is not sufficient for a detachment reaction.
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through the ion cooler, i.e. using a low voltage for the guiding field
(Fig. 3), and allowing for a high number of collisions, i.e. increasing
the pressure of the buffer gas (Fig. 4). We interpret this behavior as
a more sensitive reaction of MgO¡ to collisions than is the case for
AlO¡, which is indicated by the results of the potential curves for
the AlO and MgO anions and neutral molecules that predict a lower
threshold for the dissociation of the MgO anion. The strong
decrease of 27Al at higher guiding field is largely due to ion optics.
Interestingly, increased survival rates of 26 Mg at high guiding field
strengths outweigh ion optical losses at these settings. The process
of collisional detachment of the isobar can be further supported by
admixing heavier components to the buffer gas. However, heavier
components in the buffer gas also destroy a larger fraction of the
AlO¡ ions in collisions and less than 10% of the AlO¡ are trans-
mitted when using an admixture of O2 to the He buffer gas. In the
normal operation of the ILIAMS setup for 26Al AMS, the further
Fig. 3. The rate of events recorded in the final GIC for 26Mg (red) and 27Al (blue) shows
different behavior depending on the strength of the guiding field that assists the
transport of negative ions through the ion cooler. Measurements were performed at a
He buffer gas pressure of 0.19 mbar. This is 20% lower than the typical pressure for
operation of ILIAMS and gives a higher Mg count rate allowing for a fast scan of the
electric field and still yielding sufficient counting statistics. 26AlO¡ or attenuated
27AlO¡ (<100 nA) beams typically require field strengths < 5 V/m depending on the
settings of the injection into the ion cooler, which was kept constant during the
experiment. Here, the intensity of the 27AlO¡ beam was adjusted to a level processible
by the GIC by a combination of attenuators in front of the ion cooler and by detuning
the injection lens in front of the accelerator (thus affecting the beam shape only after
the ion cooler).

4

suppression of the MgO¡ therefore is achieved by photodetach-
ment using 532 nm photons as the photons leave the AlO¡ ions
unaffected.

Usually 70% of an AlO¡ beam (at intensities below 100 nA) is
transmitted when using pure He as buffer gas. A fraction of the
beam is lost at the entrance aperture of the ion cooler as a conse-
quence of the Coulomb repulsion between the slowed down ions
that blows up the size of the beam. Furthermore, part of the AlO¡

ion beam is neutralized in collisions with residual gas during the
injection and extraction phase when the ions have energies in the
keV range. The negative effect on the transmission is stronger for
intense beams with several 100 nA or more [19].

A mass analysis of the extracted beam when injecting anions at
mass 43 (27AlO¡), mass 40 (24MgO¡) and mass 41
(25MgO¡ þ 24MgOH¡) shows oxygen anions (O¡, OH¡ and O2

¡)
leaving the ion cooler with clearly the highest OH¡/O¡ ratio from
mass 41. None of these species appear when injecting Cl¡. Our
interpretation is that losses of the species at mass 40, 41 or 43 are,
thus, to a large extent caused by collisional breakup of the injected
molecular anions into neutral and charged fragments or by trans-
formations (in the case of OH¡ appearance). Possible impurities in
the residual gas seem to play only a minor role [18].
Fig. 4. The reduction of transmission for MgO¡ ions through the RFQ ion beam cooler
with increasing He buffer gas pressure (measured at the buffer gas inlet) shows
roughly exponential behavior. For gas pressures above 0.25 mbar no event was
detected during the measurement time. Instead, a limit was estimated assuming a
single event.



Table 1
Figures of merit for 2þ or 3þ charge state in ILIAMS assisted 26Al AMS in routine
measurements of unknown samples.

charge stripper terminal accelerator normalization 26Al/27Al

state medium voltage transmission factor blank value

2þ O2 2.7 MV 40% 0.75 ð5 ± 1Þ,10�16

3þ Ar 2.9 MV 27% 0.62 ð5 ± 2Þ,10�16
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The intensity of the injected ion current has an effect on the
residence times inside the ion cooler and on the intensity of the
transmitted beam [16]. This effect would produce a current de-
pendency of the observed 26Al/27Al ratio as the transmission of the
intense (mA) m ¼ 43 amu beam would vary more with the ion
current than the transmission of the rare isotope beam at m ¼ 42
amu. The phase space conserving beam attenuator reduces the
intensity of the 27AlO¡ beam by a factor of 60 to levels of several
10 nA. At these reduced intensities, the ion beam can be trans-
ported through the ion cooler without notable effect on the final
26Al/27Al determination. The overall beam intensity at m ¼ 42 amu
that is injected into the ion cooler can amount to single nA, which is
dominated by molecular interferences such as C2O¡ or C2HO¡

rather than by 26MgO¡. We have not observed negative effects on
the 26AlO¡ transmission if other ion beams at such intensity are
injected simultaneously. The 26Al count rate is normalized to the
attenuated 27Al current using a normalization factor derived from
the analysis of reference materials. This normalization factor is
smaller than 1 (representative values given in Table 1). The losses of
26Al beam thus are higher than for the attenuated 27Al beam. A
small fraction of these losses can be attributed to different mea-
surement positions of 26Al in the GIC and 27Al in the Faraday cup on
the high-energy side of the spectrometer, the rest has to be
assigned to yet unknown differences in the beam transport for the
42 amu and the attenuated 43 amu beam. The reference materials,
however, show no dependency of the determined 26Al/27Al ratio on
the 27Al intensity. The slow sequential injection of the beams for
27Al and 26Al measurements that is required due to the insertion of
the perforated metal sheet critically limits the achievable precision
as variations of the sample output on time scales shorter than
minutes are not appropriately reflected in the measurement. Thus,
Fig. 5. The MgO¡ suppression factor is recorded in measurement runs of 10 s at
different laser powers and optimal conditions for AlO¡ transmission through the
cooler. No event was detected for Pinj > 1 W during the measurement time. For the
estimation of the limit a single event was assumed instead.

5

for samples with ratios above 10¡12 data with higher precision can
be expected by an Al¡ measurement.

As the molecular isobar MgO¡ is already suppressed by ca. 5
orders of magnitude in the simple passage through the He filled ion
cooler, requirements for additional suppression via photodetach-
ment are slightly less stringent than in the case of S¡ vs Cl¡, where
photodetachment is the sole means and improves the suppression
by 11 orders of magnitude [19]. Still, the gain in suppression when
using the 532 nm laser is remarkable. In combination of collisional
detachment and photodetachment ILIAMS achieves suppression
factors > 1010 with a photon rate of≈ 2,1018 s¡1, corresponding to a
laser power less than 1 W (Fig. 5). This suppression is usually suf-
ficient for the measurement of samples produced from natural
materials by the established chemical procedures for AMS, i.e.
containing only ppm levels of Mg in the final Al2O3 sputter target.
Long termmeasurements on samples consisting of MgO, Al2O3 and
Fe mixed in a 1:1:1 ratio by weight suggest a suppression factor of
1014 using an injected laser power of 12 W. This documents that
even in samples containing a substantial amount of the isobar 26Mg
a successful measurement of 26Al can be performed. ILIAMS thus is
capable of completely solving the isobaric problem for 26Al mea-
surements when working with AlO¡ beams and reduces the de-
pendency on chemical purification.
3.3. Transmission through the accelerator

Optimal conditions for 26Al measurements require efficient
transport through the accelerator. When ILIAMS is applied, the
accelerator may not need to generate the highest ion energies for
atomic isobar suppression. Instead, it is needed because the strip-
ping process at the high voltage terminal is the most robust way to
suppress anymolecular interferenceswithm¼ 42 amu that survive
the ion cooler.

Compared to the injection of atomic ions a worse ion optical
transmission after breakup of the AlO molecule in the Coulomb
explosion has to be expected. We performed measurements on the
fraction of ions in the charge states Al1þ, Al2þ, Al3þ, and Al4þ

relative to the injected AlO¡ intensity for the stripper gases He and
Ar at different terminal voltages of the accelerator. In these ex-
periments the gas pressure inside the stripper canal was varied. As
described by Ref. [29] extrapolations to 0 gas pressure give a lower
limit for the actual charge state distribution. The charge state dis-
tribution extracted from our data shows no major differences be-
tweenHe and Ar (Fig. 6). Also singlemeasurements performedwith
O2 have so far not resulted in significantly different charge state
yields. The sum of those charge state fractions does not add up to
100% as neutral particles, negative ions, and states >4þ are not
included and because of ion optical and scattering losses.

The optimal charge state for the ion transport at VERA turns out
to be the 2þ, which reaches ion yields >50%. At the maximum
terminal voltage of 3 MV, Ar shows a higher yield for the 3þ charge
state, while He shows higher yields for the 1þ charge state at
voltages >2 MV.

Increased stripper densities reduce the transmission because of
scattering processes. The extrapolated charge state yield is a factor
of 1.1e1.4 higher than themaximum transmission actually achieved
for the charge states >1þ (examples in Table 1). In charge state 1þ
elevations over the reported value are possible at low stripper gas
pressures, where no equilibrium between the charge states is
reached. If suppression of molecular interferences in charge states
1þ and 2þ requires increasing the stripper gas density, the
achievable transmission through the accelerator is further
decreased.



Fig. 6. Optimal charge state yields for positive charge states of Al after passage through
the stripper gas. Effects of inelastic scattering were corrected by extrapolating mea-
surement values to zero stripper gas density. At lower terminal voltages optimal
conditions for the transmission required an elaborate fine-tuning of the beam.

Fig. 7. The 2D spectra were recorded in the dual-anode GIC for a 26Al reference ma-
terial (blue) and a Mg spiked blank sample (red). Only partial suppression of Mg via
ILIAMS was employed during the measurement of the Mg spiked sample.

Fig. 8. The 2D spectrum from a sample with substantial Mg content shows 26Mg2þ

events if the ion cooler set to non-optimal conditions for Mg suppression (i.e. buffer
gas pressure lowered and laser turned off). The red box indicates the region of interest
for 26Mg2þ. Additional events are visible from the m/q interference 13Cþ and the real
pile-up from two 13Cþ events or a surviving 13C2

2þ molecule. The 26Al region of in-
terest is indicated in blue.
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3.4. Ion detection in gas ionization chamber for charge states 1þ,
2þ, 3þ

On the high-energy side of the VERA AMS system the ions are
filtered by a 90∘ bending magnet and a 90∘ electrostatic analyzer.
The measurement of the positive 27Al beam is conducted in an
offset Faraday cup after the magnet. The final detection and iden-
tification of the ions with m ¼ 26 amu takes place in a simple dual-
anode gas ionization chamber (GIC) [20].

Any separation of 26Mg and 26Al in the GIC allows for an addi-
tional check of the ILIAMS isobar suppression. Other disturbing
species reaching the detector stem from ions that form molecules
with m ¼ 42 amu on the low energy side of the spectrometer and
that have the same m/q as 26Al on the high-energy side.

A clean beam of atomic ions is transported to the GIC if the
charge state 3þ is selected after the accelerator (Fig. 7). In this case,
no m/q interferences appear in the detector at the correct m ¼ 26
amu settings. Events counted in the GIC can be either attributed to
26Mg3þ or to 26Al3þ. Al has the higher proton number and loses
more energy thanMg in the region of the first anode and less in the
second part of the GIC corresponding to different signal heights
recorded on the two anodes. With this slight separation of the
isobars the suppression of 26Mg with ILIAMS can be monitored
during the data evaluation by setting a region-of-interest in the 2D
spectrum on the region where no 26Al3þ should appear.

The selection of the 2þ charge state for 26Al after the accelerator
offers the highest yield in the transport of the beam from the low-
energy side of the accelerator to the high-energy side. However, in
this case interferences from surviving and broken up molecules
appear in the GIC (Figs. 8 and 9).

The isobar 26Mg2þ is still observably shifted relative to 26Al in
the 2D spectrum despite the lower beam energy. Four additional
interferences can be identified in the spectrum. They are injected as
m ¼ 42 amu into the accelerator and can pass the filters on the
high-energy side either as molecules in the 2þ charge state or as m/
q interference. The fragments originate from molecules of 10BO2
(EA ¼ 4.46 eV [30], 13C2O (EA ¼ 2.29 eV [31], or 13C12CHO
(EA ¼ 2.35 eV [32]. Single appearances of 10B and 16O occur if BO2þ

molecules reach the detector, break up in the entrance foil and if
one of the fragments is scattered in this Coulomb explosion in such
way that it is not detected in the GIC. Real coincidences of 10B and
6

16O cannot be distinguished from the more intense real co-
incidences of two simultaneous 13C events. These may reach the
detector either as an intact 13C2

2þ molecule or as the 13C1þ frag-
ments of the same initial 13C2O¡molecule broken up in the stripper
canal.

The most intense interference stems from the single events of
13C1þ. These events stem either from the breakup of a 13C2O¡ or
from 13C12CHO¡. The electron affinity of those molecules is similar
to the photon energy of 2.33 eV used in our experiments. However,
close to this threshold the cross sections for photodetachment are
still low, so even in the case of C2O¡ interference a full suppression
cannot be expectedwhen using ILIAMSwith 532 nm photons. Thus,
for real samples produced from environmental materials, the mo-
lecular interferences may be very intense, especially the m/q
interference 13C. An increase in the stripper gas density breaks up
the molecules more reliably and reduces the count rate for the m/q



Fig. 9. The 2D spectrum was recorded over 5 h for a sample with no expected 26Al
content and with the ion cooler set to optimal conditions for Mg suppression. The
events recorded in the region of interest for 26Al2þ (blue box) result in a ratio of
26Al/27Al¼(6 ± 2),10¡16. In this long term measurement, additional events are visible
from the m/q interference 13Cþ and the real pile-up from two 13Cþ events or a sur-
viving 13C2

2þ molecule and from the breakup of a 10B16O molecule. The red box in-
dicates the region of interest for 26Mg2þ.

Fig. 10. Eight unknown samples spanning ratios from 10¡16 to 10¡13 were measured
using both the conventional Al¡ technique and the AlO¡ method. The ratio of
(26Al/27Al)conv/(26Al/27Al)ILIAMS is consistent with unity at a cred

2 <1.
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interference and the light molecular fragments. Still, in some cases
this turns out to be insufficient as the high count rates affect the
performance of the GIC through pulse pile-up and dead time. In this
case, measurements have to be conducted in the 3þ charge state
instead, where no molecular interferences disturb the measure-
ment but at reduced stripping yield. An alternative could be the
application of photonswith slightly higher energy (e.g. l¼ 491 nm)
and thus destroying the molecules efficiently in the ion cooler. Also
the feasibility of a SiN foil stack absorber in front of the GIC like for
10Be [33] to suppress the 13C interference, similar to the already
practiced method of a gas absorber at lower terminal voltage for
Al2þ-C1þ separation [34,35], should be explored.

For a clean Al2O3 blank material only events are detected that
are in the 26Al region of interest, i.e. shifted relative to the Mg2þ

events. The low final ratio supports the interpretation that no
MgO¡ survives the isobar suppression in the ion cooler and con-
tributes to the 26Al events detected for this sample. This leads to
low blank ratios for the ILIAMS assisted 26Al AMS measurements
(Table 1). Measurements performed for a set of unknown samples
with ILIAMS at VERA showed consistent results in both charge
states (2þ,3þ). Furthermore, the comparison of the combined re-
sults of the ILIAMS measurements in the two charge states with
ratios measured by the conventional Al¡ technique (Fig. 10) did not
show any systematic offsets between the two methods.

The use of 26Al1þ is of interest at more compact facilities than
VERAwith maximum accelerator voltages of 1 MV or below. In this
case, the 1þ could be the most populated charge state after the
accelerator. Similar to the 2þ charge state, interferences may arise
from undestroyed 13C2

þ or (13C12CH)þ molecules. On the other
hand, m/q interferences in other charge states are virtually
impossible. The problem of molecular interferences can be solved
by increasing the pressure of the stripper gas [36]. However, the
corresponding reduction in transmission of the Al1þ beam to the
detector can make the use of the 1þ charge state less sensitive than
the 3þ charge state for facilities that can reach accelerator voltages
≥ 3 MV. An additional suppression of the molecular interferences
via ILIAMS, e.g. by using photons with a wavelength between
480 nm and 525 nm, would be favorable also for the 1þ charge
state.
7

4. Conclusion

This work reports on the improvement of a highly sensitive
method of quantifying 26Al. The gain in output using AlO¡ instead
of Al¡ from Al2O3 samples is robust for different metal mixtures.
The admixture of Fe metal powder showed the best effect. Im-
provements in beam intensity by a factor of 10 compared to Al¡ can
be realized this way. This gain is partially reduced by beam losses in
the transport through the ion cooler and by a slightly worse
transmission of the beam through the accelerator due to the mo-
lecular breakup in the stripping process. The isobaric interference
of 26Mg is totally suppressed in a combination of photodetachment
and collisional detachment in the RFQ ion cooler. Quantum-
chemical estimations show that not only the electron affinity of
MgO is lower than that of AlO but also the dissociation energy. This
might explain why the MgO¡ breaks up more readily leading to the
significant suppression of MgO¡ in the ion cooler. To some part the
MgO¡ is also transformed into other molecules as we observed the
appearance of OH¡ and O2

¡ compounds after the ion cooler. While
by choosing the 2þ charge state for detection of 26Al a higher yield
in the stripping process can be achieved, this suffers from the m/q
interference from 13Cþ being present as single ions or as real double
coincidences. At VERA with ILIAMS the optimal charge state after
the accelerator to suppress any background remains the 3þ. In any
case, the overall efficiency of detection can be improved by a factor
3e5 relative to Al¡. This is an advantage for sensitive measure-
ments that can be performed to a 26Al/27Al level even below 10¡15.
The reliability of this method has been successfully tested for
different sets of environmental samples and ILIAMS-assisted
measurements are now an established 26Al AMS technique at
VERA. Photons of higher energy that also clean the beam of some
molecular interferences are expected to improve the situation for
both charge states 1þ and 2þ. This way, ILIAMS also has the po-
tential to improve the efficiency and sensitivity of 26Al measure-
ments at more compact AMS facilities.
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