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Besuch, habe ich als ein anderer Mitarbeiter gefellt. Vielen Dank, Arno, für das Tor der
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II



AGRADECIMIENTOS / DANKSAGUNG / RINGRAZIAMENTI

bonara buena lleva nata; a Elena y Leti, aunque se las vea sólo de vez en cuando; a las

maestras, tanto de profesión como de la juerga, Alba y Manoli, porque las amistades que

han unido los bares, que nos las separe ni Dios, ni el hombre; al ingeniero Andrés (también
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Abstract

The accelerator mass spectrometry (AMS) technique, developed 40 years ago for 14C dating,

was soon used to measure other long-lived radionuclides. One of the radionuclides mea-

sured by AMS since these early years is 41Ca and for a variety of applications. Some of these

applications are: the calculation of the terrestrial age of meteorites, the study of nuclear

reactions of astrophysical interest, the understanding of the calcium metabolism, and the

characterization of low-level nuclear waste.

The main challenge in 41Ca AMS is dealing with the interference caused by its stable isobar,

41K. This interference is reduced by using calcium fluoride (CaF2) samples and the extraction

of the (CaF3)
- ion. At large AMS facilities, besides, 41K ions can be discriminated from 41Ca

ions using different detection techniques based on the energy loss dependence on the atomic

number. The 41Ca measurement with low energy AMS systems, like the 1 MV system at

the Centro Nacional de Aceleradores (CNA), is quite challenging, since this discrimination is

not possible. Nevertheless, the 41K contribution can be estimated and, therefore, corrected,

thanks to the sequential detection of the other stable isotope of potassium, 39K (K-correction).

Although the sensitivity achieved in 41Ca AMS at low energies is 3-4 orders of magnitude

lower than those achieved at larger facilities, it allows the competitive measurements for

biomedical applications, and the characterization of concrete samples from nuclear reactor

bioshields.

Since 41Ca AMS at low energies is limited to the estimation of 41K interference, it is advisable

to study the different ways toward the production of this interference. Some factors related

to it have been studied in different experiments performed with the 1 MV AMS system at

CNA (SARA) and the 600 kV AMS system at the ETH Laboratory of Ion Beam Physics in Zurich

(TANDY). For instance, we could demonstrate that 41K can be injected also as the (41K57Fe)-

molecular ion. As a consequence, 41K interference is dependent on the materials used during

the sample pressing. We also proved that, even when both 41K/40Ca and 39K/40Ca ratios

change over time, the relation between both, 41K/39K remains constant. Therefore, the K-

correction is a robust method to estimate the 41K interference.
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ABSTRACT

The information provided from these experiments has contributed to the setting up and op-

timization of the 41Ca measurements with the SARA system at CNA, which was the main goal

of this thesis. The results are not only useful for measurements at our system, but also for

other very similar HVE 1 MV AMS systems. Several tests have been performed during these

years to study and optimize all the performance parameters of 41Ca measurements with this

system: ionization efficiency, transmission and destruction of the molecular background in

the stripper, ion optical transport, detection efficiency, and final sensitivity.

Mixing the CaF2 samples with silver powder, our ion source produces stable (
40CaF3)

- currents

between 50 and 150 nA. In comparison with the TANDY system at ETH, the slightly lower

transmission for the 2+ state through the helium stripper (40% at SARA, 50% at TANDY) is

compensated by the better optical transmission in the high energy sector (90-100% at SARA,

80-85% at TANDY). This is due to the quadrupole triplet which refocus the beam at the exit of

our accelerator. The capabilities of both systems for 41Ca AMS are equivalent.

41Ca/40Ca backgrounds found in the system, in the 10-12 range, allow, among other applica-

tions, the characterization of the 41Ca content in the bioshield from nuclear reactors. Within

the colaboration between the Spanish radioactive waste management agency (ENRESA) and

the AMS Research group at CNA, a detailed study of the 41Ca spatial distribution in the

bioshield of the José Cabrera nuclear power plant has been performed. A radiochemical

method for concrete samples have been developed in order to deal with the relatively large

number of samples involved in this study. The measured 41Ca/40Ca ratios in the areas of

maximum neutron fluence were on the 10-6 range, while they get down to the 10-10 range in

regions far from the reactor cavity. While the 41Ca/40Ca attenuation profile follows an ideal

behavior in some areas, it does not in other parts where the influence of diffused thermal

neutrons is higher.
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Resumen

La técnica de espectrometŕıa de masas con aceleradores (AMS, por sus siglas en inglés), de-

sarrollada hace 40 años para la datación por 14C, fue pronto utilizada para medir otros ra-

dionucleidos de largo peŕıodo de semidesintegración. Uno de los radionucleidos medidos

mediante AMS desde esos primeros años es el 41Ca, y con una gran variedad de aplicaciones.

Algunas de éstas son: el cálculo de la edad terrestre de meteoritos, el estudio de reacciones

nucleares de interés astrof́ısico, el estudio del metabolismo del calcio, y la caracterización de

residuos nucleares de baja actividad.

El principal reto en las medidas de 41Ca mediante AMS is la interferencia causada por su

isóbaro estable, el 41K. Esta interferencia se reduce al usar muestras de fluoruro de calcio

(CaF2) y la extracción del ion (CaF3)
-. En sistemas de AMS de alta enerǵıa, además, los iones

de 41K pueden ser discriminados frente a los de 41Ca usando distintas técnicas basadas en

la dependencia de la pérdida de enerǵıa con el número atómico. La medida de 41Ca con sis-

temas de AMS a baja enerǵıa, como el sistema de 1 MV del Centro Nacional de Aceleradores

(CNA), es un reto algo algo mayor, ya que dicha discriminación no es posible. No obstante, la

contribución del 41K se puede estimar y, por tanto, corregir, gracias a la detección secuencial

del otro isótopo estable del potasio, el 39K (corrección de potasio). Aunque las sensibilidades

alcanzadas en las medidas de 41Ca mediante AMS a baja enerǵıa están entre 3 y 4 órdenes de

magnitud por debajo de aquellas alcanzadas en sistemas de mayor enerǵıa, éstas permiten

realizar medidas totalmente competitivas para aplicaciones biomédicas, y de caracterización

de muestras de hormigón procedentes de blindajes biológicos de reactores nucleares.

Como las medidas de 41Ca mediante AMS a baja enerǵıa se ven limitadas a la estimación

de la interferencia de 41K, es aconsejable el estudio de las diferentes v́ıas por las que esta

interferencia se puede producir. Algunos factores asociados a la misma han sido estudiados

mediante distintos experimentos realizados con el sistema de AMS de 1 MV del CNA (SARA) y

el sistema de AMS de 600 kV del Laboratorio de F́ısica de Haces de Iones de la ETH de Zúrich

(TANDY). Por ejemplo, pudimos demostrar que el 41K también puede se inyectado como el

ion molecular (41K57Fe)-. Debido a esto, la interferencia de 41K depende de los materiales
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RESUMEN

usados durante el prensado de las muestras. También probamos que, incluso siendo ambas

relaciones isotópicas, 41K/40Ca y 39K/40Ca, variables en el tiempo, la relación entre ambas,

41K/39K, permanece constante. Por tanto, se comprueba que la correción de potasio es un

método robusto para la estimación de la interferencia de 41K.

La información obtenida de estos experimentos ha contribuido a la caracterización y opti-

mización de las condiciones de medida de 41Ca con el sistema SARA del CNA, que era el

principal objetivo de esta tesis. Los resultados no son sólo útiles para las medidas en nue-

stro sistema, sino también para otros sistemas de AMS de 1 MV de HVE muy similares. A lo

largo de esta tesis se han realizado varias pruebas relacionadas con el estudio y optimización

de las condiciones de medida de 41Ca con este sistema: la eficiencia de ionización, la trans-

misión y la destrucción del fondo molecular en el stripper, el transporte óptico de los iones,

la eficiencia de detección, y la sensibilidad final.

Mezclando las muestras de CaF2 con plata en polvo, nuestra fuente de iones produce cor-

rientes estables de (40CaF3)
- entre 50 y 150 nA. En comparación con el sistema TANDY de la

ETH, la transmisión ligeramentemenor para el estado 2+ en el stripper de helio (40% en SARA,

frente a 50% en TANDY) se ve compensada por la mejor tranmisión óptica en el sector de alta

enerǵıa (90-100% en SARA, frente a 80-85% en TANDY). Esto se debe al triplete cuadrupolar

que refocaliza el haz a la salida de nuestro acelerador. Las capacidades de ambos sistemas

para medidas de 41Ca son equivalentes.

Los fondos de 41Ca/40Ca en nuestro sistema, del orden de 10-12, permiten, entre otras aplica-

ciones, la caracterización del contenido de 41Ca en el blindaje biológico de reactores nucle-

ares. Dentro de la colaboración entre la Empresa Nacional de Residuos Radiactivos (ENRESA)

y el grupo de investigación en AMS del CNA, se ha llevado a cabo un estudio detallado de la

distribución espacial del 41Ca en el blindaje biológico de la central nuclear José Cabrera. Se ha

desarrollado un método radioqúımico para tratar el número relativamente grande de mues-

tras implicadas en este estudio. Las relaciones 41Ca/40Ca medidas en las áreas de máxima

fluencia neutrónica fueron del orden de 10-6, mientras que estas relaciones bajan hasta el

orden de 10-10 para aquellas regiones más alejadas de la cavidad del reactor. Mientras que

el perfil de atenuación de la relación 41Ca/40Ca sigue un comportamiento ideal en algunas

áreas, este comportamiento no se cumple en otras zonas donde la influencia de la difusión

de neutrones térmicos es mayor.
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Chapter 1

Introduction

1.1
41
Ca basic data and general applications

41
Ca is a radionuclide which decays to

41
K by electron capture. The most recent and precise

measurement of the half-life of this decay is (9.94 ± 0.15) × 104 years [Jörg et al., 2012]. The
electron capture produces the emission of Auger electrons with an energy of 3.97 keV in a

76.6% of the cases, and X-rays from the K-shell of potassium (with energies of 3.3 keV or

3.59 keV) in a 12.47% of the cases [National Nuclear Data Center, n.d.]. The measurement of

41
Ca in a sample by radiometric techniques presents two main challenges:

1: The detection of these low energy X-rays or electrons is typically difficult because of the

possible interferences in the detector from X-ray or β emitters [Hou and Roos, 2008].

2: Because of its long half-life, it requires huge amounts of
41
Ca atoms or very long mea-

suring times in order to be able to detect a significant decay events.

The main radiometric technique used to measure
41
Ca is the detection of its Auger elec-

trons by liquid scintillation counting (LSC). LSC has a higher counting efficiency than X-ray

spectrometry and, as it was said, Auger electrons from
41
Ca are more abundant than X-rays.

Detection limits down to 0.1 Bq have been reported for LSC, while that one for X-ray counting

is 8 Bq [Hou, 2005].

However, this detection limit of 0.1 Bq only enables the application of
41
Ca measurements

to the characterization of nuclear waste. The most common application of
41
Ca LSC is the

characterization of concrete samples coming from the most activated areas of the bioshield

of nuclear power plants. The most important reaction producing
41
Ca is the thermal neutron
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CHAPTER 1. INTRODUCTION

capture on its stable isotope,
40
Ca, with a cross section of 400 ± 40 mb [Cranston and White,

1971]. That is the reason why, in the bioshield concrete, where thermal neutron fluence

reaches levels up to 10
19
cm

-2
, and where calcium is one of the most common elements,

41
Ca

activities can be relatively high. Even in this case, some areas from the bioshield could not be

measured by LSC and sample mass required are typicially higher than 1 g, which involves the

necessity of radiological precautions.

For a complete study of the
41
Ca spatial distribution in this concrete structure, the use of an

ultra-trace technique such as accelerator mass spectrometry (AMS) becomes necessary. The

bases of AMS will be presented in section 1.2. This technique requires the chemical treatment

of the sample, but so does LSC. Besides, for samples which can be measured with LSC, AMS

measurements typically present much lower uncertainties. The presence of
41
Ca in other

contexts is usually so low that AMS is the only option to measure this
41
Ca content.

The
40
Ca(n,γ)

41
Ca reaction is also the main production pathway on Earth surface for naturally

ocurring
41
Ca. At sea level, secondary neutrons produced in the atmosphere represent a 98%

of the total nucleonic cosmic flux. Although the energy spectrum of these neutrons has an

important high energy branch, the capture cross section for these neutron energies is lower

than 1 mb [Bergqvist et al., 1974]. Because of the different behaviour of thermal neutrons in

different materials, the saturation
41
Ca/

40
Ca isotopic ratio depends on the chemical compo-

sition of the rock, and it typicially is in the 10
-14
level or lower [Dunai, 2010]. This saturation

isotopic ratio is

(41Ca
40Ca

)
sat

=
ϕσ

λ
, (1.1)

where ϕ, σ and λ are, respetively, the thermal neutron flux, the thermal neutron capture

cross section from
40
Ca, and the

41
Ca decay constant.

Since
41
Ca half-life is ∼18 times higher than the one of 14C, its use for dating purposes was

considered in early years [Raisbeck and Yiou, 1979]. However,
41
Ca is not produced in the

atmosphere, but only in the litosphere, so it would be a condition that the dated material

stayed shielded so that the
41
Ca production stopped. In any case,

41
Ca/

40
Ca ratio in these

samples would be lower than 10
-15
, which is extremely low even for AMS, and isotope enrich-

ment would be necessary [Steinhof et al., 1989]. The possibility of using
41
Ca to date human

and/or animal remains has not been proven so far.

A very different case is the application of
41
Ca measurements for the calculation of the ter-

restrial age of meteorites. In outer space, cosmic radiation is much higher than on Earth

surface. Nevertheless, primary cosmic neutrons present much higher energies in this case,
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and charged particles (mainly protons and α particles) with energies of several hundreds of

MeV per nucleon are the major components of cosmic rays [Dunai, 2010]. Because of this,

neutron capture becomes a less relevant reaction in
41
Ca production, while spallation reac-

tions in slightly heavier elements, like iron and nickel, become more important [Kubik et al.,

1986]. For instance, the cross section of the
nat
Fe(p,x)

41
Ca spallation reaction for proton en-

ergies higher than 100 MeV reach levels up to 10 mb [Fink et al., 1987].

The relevance of neutron capture in
41
Ca production in extraterrestrial material depends on

the chemical composition. For iron falls, it is totally neglible, and
41
Ca concentrations, instead

of
41
Ca/

40
Ca ratios, are measured. The

41
Ca concentrations in these kind of meteorites before

falling to the Earth are in the 10
12
atoms·kg

-1
level [Fink et al., 1991]. In stony meteorites, the

contribution of the
40
Ca(n,γ)41Ca reaction depends also on the size of the mateorite, since

higher volumes allow the moderation of fast neutrons to lower energies where the capture

cross section is much higher. Saturation
41
Ca concentrations, nevertheless, are only slightly

higher than in iron falls, and
41
Ca/

40
Ca ratios are usually in the 10

-12
level [Welten et al., 2007].

The neutron capture on
40
Ca becomes the main

41
Ca production pathway on Moon surface.

Nishiizumi et al. [1997] measured the
41
Ca depth profile in a drill core taken by the Apollo 15.

The
41
Ca/

40
Ca ratios were between 1.5 × 10-13 and 1.9 × 10-12.

These
41
Ca/

40
Ca isotopic ratios have been demostrated to be much higher in the early ages of

the solar system, since primitive meteorites have shown a clear excess on its
41
K/
39
K isotopic

ratio which can only be explained by
41
Ca decay and an original

41
Ca/

40
Ca ratio around 10

-8

[Srinivasan et al., 1994]. In order to study the possible irradation scenarios in the early solar

system, the cross sections of the different nuclear reactions leading to
41
Ca production have

to be measured.
41
Ca AMS measurements of irradiated materials in several facilities have

already been useful to the measurement of different cross sections relevant in this case and

other cases of astrophysical interest. Some examples are: proton spallation reactions in iron,

nickel and titanium [Fink et al., 1987], the
nat
Ca(

3
He,x)

41
Ca transfer reaction [Herzog et al.,

2011], and the stellar capture neutron cross section on
40
Ca [Dillmann et al., 2009].

Anthropogenic
41
Ca on Earth surface can be found in areas where nuclear bombs exploded.

A clear example is Hiroshima, where Rühm et al. [1992] measured the
41
Ca depth profile in a

granite gravestone located 107m from the hypocenter of Little Boy explosion.
41
Ca/

40
Ca ratio

in the surface of this gravestone was found to be almost 10
-11
, much higher than natural one

on Earth. A much higher
41
Ca/

40
Ca ratio, 1.058 × 10-10, was found by Lachner et al. [2014] in

the Castle Bravo crater on the Bikini Atoll, produced by the test explosion of a hydrogen bomb

on 1954. Most of the other thermonuclear tests were carried out detonating the devices at

much higher altitudes, so the neutron fluence on surface was much lower; or underground,

so the ground material between the detonation and the surface shielded the neutrons.

3



CHAPTER 1. INTRODUCTION

Nowadays, though, the most common application of
41
Ca does not come from its natural

cosmogenic or anthropogenic production, but from its biomedical capability as a tracer of

calcium metabolism [Elmore et al., 1990; Freeman et al., 1997]. The use of
41
Ca has none of

the disadvantages from other calcium radioisotopes or its stable isotopes:

• In the first case, the radiological hazard of the administration of a dose of
45
Ca or

47
Ca,

whith half-lives of 165 days and 4.5 days respectively, would be higher, and they allow

much lower tracing times because of their decay, while
41
Ca is only limited by its bi-

ological excretion. By contrast,
41
Ca oral doses up to 3700 Bq are actually been used

[Denk et al., 2006]; taking into account that the dose coefficient for ingested
41
Ca is

2.9 × 10-10 Sv·Bq-1 [ICRP, 2012], the dose in 50 years would be around 1 µSv. This
dose is totally neglible, since it is much lower than, for instance, the annual natural

background exposure (typically higher than 1 mSv).

• In the second case, stable isotopes of calcium such as
42
Ca or

44
Ca require high chemical

doses so that their isotopic abundances change significantly. Since
41
Ca is not naturally

present, if the dose has a relatively high
41
Ca/

40
Ca ratio very low calcium content has

to be administrated in order to be able to measure
41
Ca concentrations in tissues were

calcium is incorporated.

A very recent compendium of calcium metabolism studies performed with
41
Ca tracing and

AMS measurements is found in Weaver et al. [2017].

1.2 Accelerator Mass Spectrometry (AMS): finding a needle in a

haystack

Contents from any radionuclide with a relatively long half-life, such as
41
Ca, are intrinsically

hard to measure by radiometric techniques because of the very low related activities. Its

direct detection with conventional mass spectrometry systems meet with the interference of

molecular ions with the same mass that the radionuclide of interest. All the mass spectrome-

try systems follow the same basic scheme: ionization of the sample, the use of electromagntic

separators to select its mass/charge ratio, and detection of these ions. Since the contents of

long-lived radionuclides are typically orders of magnitude below the part per million (ppm)

level, even a trace production of isobar molecular ions would make it impossible to measure

of the radionuclide of interest.

Accelerator Mass Spectrometry (AMS) solves this problem thanks to the electron stripping
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process with a solid or gaseous target that takes place at energies available with particle

accelerators. In this process, the molecular background is destroyed (see Figure 1.1).

Figure 1.1: Basic scheme of the stripping process.

Other supression processes, though, are necessary to solve the possible interference from

stable isobars. Figure 1.2 shows the basic scheme of a common AMS system, together with

the other isobar suppression techniques used in AMS:

• Ionization: negative ionization provides, in some cases, a first supression or reduction

of the interference from the stable isobar, because of the instability of negative ions

from elements or molecules with a negative electron affinity (EA). This is the case, for

instance, of
14
C, since

14
N does not form negative ions [Bennett et al., 1977]. Even if that

EA is positive, but very low, its interference is reduced several orders of magnitude,

since the negative ion production efficiency increases exponentially with the EA [Alton,

1993].

Figure 1.2: Basic scheme of an AMS system. While the possibility of supression of stable isobars

depends on the radionuclide and experimental system, the use of the stripping process to destroy the

molecular isobars is common to all AMS measurements.
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• Detection: techniques based on the different energy loss can be used because of the

high energies of the ions. Since the energy loss in a material depends on the atomic

number Z of the ion, the difference in the energy loss between the radionuclide of in-

terest and its stable isobar can be used to reduce the interference entering the detector

and separating both signals.

The AMS technique, initially developed for
14
C measurements, was soon applied to many

other long-lived radionuclides, including
41
Ca [Gove et al., 1979; Elmore and Phillips, 1987].

Table 1.1 shows some of the most important ”AMS radionuclides”.

Table 1.1: Common radionuclides measured by AMS. Half-lives from National Nuclear Data Center

[n.d.], except for
10
Be [Korschinek et al., 2010]. The main technique used to suppress/reduce the

interference caused by the stable isobar is also shown: ”Ionization” refers to those cases where the

negative ion of the stable isobar is unstable or metastable; ”Detection”, to those cases where the

different energy loss is used to distinguish the radionuclide from its stable isobar.

Radionuclide Half-life (My) Negative ion Stable isobar Suppression / reduction

10
Be 1.387 (BeO)

- 10
B Detection

14
C 0.0057 C

- 14
N Ionization

26
Al 0.717

Al
-

(AlO)
-

26
Mg

Ionization

Detection

36
Cl 0.301 Cl

-

36
Ar

36
S

Ionization

Detection

41
Ca 0.0994

(CaH3)
-

(CaF3)
-

41
K Ionization + detection

129
I 15.7 I

- 129
Xe Ionization

236
U 23.42 (UO)

- @

1.2.1
41
Ca AMS

In the particular case of
41
Ca, two different chemical forms and their respective negative ions

can be used in order to deal with its stable isobar,
41
K: calcium hydride (CaH2), and extraction

of the (CaH3)
-
ion; or calcium fluoride (CaF2), and extraction of the (CaF3)

-
ion. The choice of

one material or the other depends on several factors, since each one has both advantages

and disadvantages:

• CaH2: the main advantage of selecting the (
41
CaH3)

-
ion in the LE side is the inestability

of the (KH3)
-
ion. A

41
K/
40
Ca interference in the level of 10

-13
is typically found from the

6
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contribution of (
41
KH2)

-
ions where one of the 2 hydrogen nuclides is a deuterium (

2
H)

[Fink et al., 1990]. The main disadvantage is the high hygroscopy of CaH2, which makes

its handling problematic, making it necessary to minimize its contact with air [Sharma

and Middleton, 1987]. This choice is suitable for applications where few samples are

measured and very high sensitivities are required, like the measurement of accretion

rate of extraterrestrial
41
Ca in Antarctica [Gómez-Guzmán et al., 2015].

• CaF2: in contrast, calcium fluoride chemical preparation is more simple and it is a chem-

ically stable salt [Kubik and Elmore, 1989]. However, the (KF3)
-
ion is stable, even when

its stability is much lower than that from (CaF3)
-
, leading to a higher

41
K/
40
Ca interfer-

ence in the level of 10
-12
-10

-11
[Zhao et al., 2010]. Ion source output currents are also

slightly lower [Middleton, 1990], but in this case the difference is not so important. This

choice is suitable for applications where large numbers of samples are involved and

relatively lower sensitivities are required, like the biomedical applications detailed in

section 1.1 [Freeman et al., 1995].

In any case, in conventional AMS facilities, which typically use terminal voltages higher than

3 MV, the different energy loss on a material, as it was already stated, can be used to separate

the signals of
41
Ca and

41
K in the detector [Fink et al., 1990; Vockenhuber et al., 2005; Wallner

et al., 2010; Hosoya et al., 2017]. Better separation between both signals can be achieved at

higher energies, resulting in a lower fraction of
41
K counts that interfere with the

41
Ca counts.

The performance parameters for
41
Ca from several AMS facilities are presented in Table 1.2.

The layouts from these systems are shown in Figure 1.3.

Table 1.2:
41
Ca performance parameters from different AMS facilities. Only data from measurements

using calcium fluoride are used, even when Wallner et al. [2010] presents also performance parame-

ters with hydride.

Facility
VERA

(Vienna, Austria)

DREAMS

(Dresden, Germany)

14UD ANU

(Canberra, Australia)

References [Wallner et al., 2010]
[Akhmadaliev et al., 2013]

[Rugel et al., 2016]
[Fifield et al., 2010]

Terminal voltage (MV) 3 6 14

Stripper material O2 gas Ar gas O2 gas + C foil

HE side charge state 4+ 4+ 7+

Background (× 10-15) 50 2 1

7
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(a) VERA

(b) DREAMS

(c) 14UD ANU

Figure 1.3: Layout of several AMS facilities: the 3 MV system at the Universität Wien (a), the 6 MV

system at the Helmholtz-Zentrum Dresden-Rossendorf (b) and the 14 MV system at the Australian

National University (c).

1.3 AMS at low energies

During the first decades of AMS it was believed that, in order to destroy the molecular back-

ground, charge states higher or equal to 3+ had to be selected (”golden rule” of AMS). Molec-

ular ions with those charge states become unstable because of the electrostatic repulsion

[Suter, 1990]. With compact particle accelerators with terminal voltages ≤ 1 MV, though, the
most populated charge states for carbon ions are 1+ and 2+ [Jacob et al., 2000] and molecu-

lar interferents would still survive. Despite this fact, Lee et al. [1984] and Suter et al. [1997]

showed that, if the stripper mass thickness of the stripper was high enough, this molecular

background was reduced to neglible levels.

Based on these results, the first low-energy AMS system for
14
C measurements was devel-

oped: the 600 kV AMS system at ETH Zurich, TANDY, developed by the ETH Laboratory of

Ion Beams Physics (LIP) in collaboration with National Electrostatics Corp. (NEC, USA) [Synal

et al., 2000]. Soon, the capabilities of this system for other AMS radionuclides were studied

8
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and, since then, the system has also performed routine measurements of
10
Be,

26
Al,

41
Ca,

129
I and actinides (

236
U, Pu isotopes...) [Stocker et al., 2004, 2005]. The first 1 MV AMS system

designed by High Voltage Engineering Europa B.V. (HVE, Netherlands) was initially designed to

measure not only
14
C, but also other typical AMS radionuclides, such as

10
Be and

26
Al [Klein

et al., 2006, 2007], and installed at the Centro Nacional de Aceleradores (CNA) in Seville. The

peculiarities from these systems and the developments implemented on them are presented

in chapter 2.

These small accelerators, nevertheless, still have some properties in common with larger

machines, like the need of using some dieletric gas, as sulfur hexafluoride, to electrically

insulate the terminal from the accelerator tank. This necessity does not apply any more when

even lower terminal voltages are used, and vacuum insulation is enough to avoid discharges.

This is the case of the MICADAS system, a system developed by the ETH LIP whose terminal

voltage is provided by a 200 kV HV power supply [Synal et al., 2007]. The MICADAS system

is designed only for
14
C measurements. A new multi-element AMS system whose terminal

voltage is provided by a 300 kV HV power supply is now being developed also by the ETH LIP

[Maxeiner, 2016].

The use of low-energy AMS systems reduce the operating and maintainance costs of these

facilities. The original cost of the system is also lower. Furthermore, their sizes allow them to

be placed in conventional laboratory rooms and no huge and dedicated halls are required to

be built.

1.4 Motivation and outline

The main goal of this thesis has been the setting up and optimization of the performance

parameters of the 1 MV AMS system at CNA for
41
Ca. Since its operation started in 2006

[Klein et al., 2006], the AMS research group at CNA has looked for exploiting the multi-

element capacity of the system [Klein et al., 2007; Chamizo et al., 2008b]. The same setting

up and optimization of the performance has been performed, for instance, for
10
Be and

26
Al

[Ruiz-Gómez et al., 2010; Padilla, 2015; Scognamiglio, 2017], for
129
I [Gómez-Guzmán, 2010;

Gómez-Guzmán et al., 2012], for
236
U [Chamizo et al., 2015a], and for Pu isotopes [Chamizo

et al., 2008a; Chamizo, 2009]. Several technical changes and developments have been per-

formed in collaboration with both, HVE and the ETH LIP [Chamizo et al., 2015c; Scognamiglio

et al., 2016].

Nowadays, there exist several AMS facilities around the world similar to the 1 MV system at

CNA. Thus, the study of the performance of its different elements are also useful to other

9
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research groups, so they can exploit the capacities of their HVE 1 MV AMS systems. Some of

these groups actually included
41
Ca in their acceptance tests [Klein et al., 2013; Heinemeier

et al., 2015], so it can be said that they are interested on performing routine
41
Ca measure-

ments in the future. The results provided by this thesis, specially those also published in

Vivo-Vilches et al. [2017], are useful to these groups as much as it is to ours.

This thesis included a stay of four months at ETH LIP in order to perform some experiments

related to the
41
K interference in

41
Ca AMS at low energies. The stay also included the collab-

oration with the ETH LIP in the
41
Ca measurements for biomedical applications performed

by them for the NutriTrace group at the National University of Singapore. The information

and experience acquired during this stay was really helpful in order to optimize the
41
Ca

measurement performance of the 1 MV AMS system at CNA Seville.

Even when the study of the capabilities of the system for new radionuclides and technical

developments themselves are two of its main research lines, our group has also focused on

some important application research lines. These research lines include the development of

chemical procedures for the sample preparation. Nowadays, themost important applications

performed by our group are:

• Environmental applications, specially related to oceanography [Chamizo et al., 2015b,

2016; López-Lora et al., 2018; Vivo-Vilches et al., 2018].

• Characterization of Low-Level Waste (LLW) from operating and decommissioning nu-

clear power plants, in collaboration with the Spanish radioactive waste management

agency, ENRESA [López-Gutiérrez et al., 2013].

Radiocarbon applications are no longer performed with the 1 MV AMS system since the group

acquired a MICADAS system in 2012.

The
41
Ca AMS measurements in the group have been implemented initially in the LLW char-

acterization project.
41
Ca/

40
Ca ratios have been measured in concrete samples from sev-

eral locations different in both radial and vertical coordinates from the primary shield of a

decommissioning nuclear power plant (NPP): the José Cabrera NPP. The results from these

measurements will be presented in chapter 5.

Even if we did not perform measurements for biomedical applications at CNA Seville, we did

chemical tests with urine samples. We also showed that the performance of the 1 MV AMS

system is well suited to perform those measurements for any interested group.

This first chapter was provided in order to introduce the reader to the applications of
41
Ca

measurements, the AMS technique and its evolution to low energy systems.

10
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In chapter 2, a description of the fundamental principles of the most important elements in

an AMS system is presented. The two systems used in the experiments carried out during

this PhD thesis are also concisely described, from which a more detailed description can be

found in Chamizo [2009]: the 1 MV AMS system at CNA Seville, SARA (Spanish Accelerator for
Radionuclide Analysis ); and the 600 kV AMS sytem at ETH Zurich, TANDY.
The specific challenges related to

41
Ca AMS at low energies and how the

41
K interference

can be estimated thanks to the detection of the other stable isotope of potassium,
39
K (K-

correction) [Vockenhuber et al., 2015] are presented in chapter 3. Some experiments per-

formed on both compact AMS systems (SARA and TANDY) providing information about the

production pathways of the
41
K interference are also presented, as well as the specific com-

plexity introduced to the data analysis by the K-correction. Because of this complexity, 2

similar programs, one for each AMS system, were written in FORTRAN code to perform the

data analysis.

The experiments in order to set-up and optimize the
41
Ca measurements with the SARA sys-

tem are presented in chapter 4. These experiments include the characterization and opti-

mization of the ion source current output, the transmission using He as a stripper gas, the

detection efficiency, and the performance with blank samples (with neglible content of
41
Ca)

and standard samples (with known
41
Ca/

40
Ca ratios). A comparison of the performance para-

menters with those from the TANDY system is shown, together with the measurements of

some of the ETH in-house standard samples used in the measurements with that system and

an intercomparison experiment carried out on some of the biomedical samples which were

measured during the stay at ETH LIP.

Results from the
41
Ca measurements with the SARA sytem of the concrete samples from the

primary shield of the José Cabrera Nuclear Power Plant are presented in chapter 5. These

results are preceded by the exposition of the way the
41
Ca is produced in the concrete of the

primary shield, and how the
41
Ca/

40
Ca can be give information about the thermal neutron

fluence the shield was exposed to during the operation of the power plant.

The last chapter summarize the most important conclusions of this work.
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Chapter 2

Comparative description of the

experimental systems

2.1 General overview of the systems

In this chapter, the basic physical principles from the typical elements of AMS systems are

presented, together with the characteristics of each one of these elements for the systems

used during this thesis (the SARA system at CNA Seville and the TANDY system at ETH Zurich).

Both systems are described in detail in Chamizo [2009]. Additional information about the

TANDY system can be found in Jacob [2001]. This chapter, therefore, focuses on the changes

implemented since then and the features which are specially important for
41
Ca measure-

ments.

This first section presents a general overview of both systems. The next sections present:

• The production of negative ions by Cs sputtering (section 2.2).

• The operation and optical properties of tandem accelerators, together with the basic

characteristics of the stripping process (section 2.3).

• The kinematic filters used in AMS, and the two different sectors: the LE injector and the

HE spectrometer (section 2.4).

• The charged particle detection with gas ionization chambers (section 2.5).

In some of this sections, simulations performed with GICOSY [Weick, n.d.] are presented. The

input files from these simulations are shown in Appendix A.

13
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2.1.1 The 1 MV AMS system at CNA Seville: SARA

The Spanish Accelerator for Radionuclide Analysis (SARA) was the first 1 MV AMS system de-
veloped by HVE [Klein et al., 2006, 2007; Chamizo et al., 2008b]. Nowadays, there exist several

systems using the same model of the 1 MV tandetron, some of them with a similar system

layout as SARA [Klein et al., 2013], others with a modified one [Heinemeier et al., 2015]. The

system was originally designed to measure not only
14
C, but other AMS radionuclides. A

picture and a schematic view of the system are presented in Figure 2.1.

The most important changes implemented in the recent years are:

• The upgrade of the ion source to the HVE SO-110B sputtering source [Arnold et al., 2010;

Chamizo et al., 2015c].

Figure 2.1: Picture and schematic view of the 1 MV AMS system at CNA Seville.

14



2.1. GENERAL OVERVIEW OF THE SYSTEMS

• The change of the stripper gas from Ar to He [Scognamiglio et al., 2016].

• The replacement of the original HVE detector with a compact gas ionization chamber

(GIC) developed by the ETH LIP [Müller et al., 2012; Scognamiglio et al., 2016].

2.1.2 The 600 kV AMS system at ETH Zurich: TANDY

The TANDY system was the first compact AMS system in the world, developed by the ETH

Laboratory of Ion Beam Physcis (LIP) in collaboration with National Electrostatics Corp. (NEC).

Figure 2.2: Picture and schematic view of the 600 kV AMS system at ETH. The dashed line represent

the beam path for ions passing to the additional magnet. In
41
Ca measurements, the retractable gas

ionization chamber (GIC) is used, so the ions do not reach this magnet.
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It was originally designed to measure only
14
C selecting the 1+ charge state in the HE side

[Synal et al., 2000; Jacob et al., 2000]. Nevertheless, it was soon upgraded to measure other

radionuclides [Stocker et al., 2004, 2005; Stocker, 2006]. Actually,
14
C measurements are no

longer performed in the system, but in the original MICADAS system at ETH. Figure 2.2 shows

a picture and a schematic view of the system.

The most important changes implemented in the recent years are:

• Modifications of the NEC MC-SNICS ion source, being the most important the replace-

ment of the ionizer [Müller et al., 2010].

• The change of the stripper gas from Ar to He [Vockenhuber et al., 2013].

• The design and installation of an additional magnet in the high energy side (HEM 2),

after the electrostatic analyzer (ESA) [Müller et al., 2010]. This magnet is not used in

41
Ca measurements because of the high optical losses for this radionuclide.

2.2 Cs sputtering ion sources

Negative ionazation is the first stage of almost all the AMS systems. The most common neg-

ative ion sources used in AMS are the Cs sputtering sources. In these, Cs
+
ions are produced

by surface ionization and attracted to the sample target, since it is connected to a negative

potential. These collisions produce multiple ions in different charge states, but only the nega-

tive ones are accelerated out of the sample by the negative potential. The production of ions

with charges ≤ −2e is neglible. If the potential to which the sample is connected is −V0, the

kinetic energy of the ions with charge −e after the ion source system will be eV0.

Depending on how the Cs
+
ions are produced and accelerated to the sample target, the sput-

Figure 2.3: Scheme of a high-current sputtering ion source. The black lines represent the Cs
+
ions

going from the ionizer to the target. The red cone represents the negative ion beam leaving the

target.
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tering sources are separated in different types, but the most used nowadays is the high-

current sputtering ion source. A basic scheme of one of these sources is shown in Figure 2.3.

The ion source chamber is filled with gaseous Cs which, in contact with a wolfram surface

heated to high temperatures (ionizer) produces the Cs
+
ions. This surface is connected to a

negative electric potential −Vsource > −V0; as a result of the lower potential on the sample

target, the Cs
+
ions are attracted to this, reaching it with a kinetic energy

eVCs = e(V0 − Vsource). (2.1)

The negative ions are accelerated in the opposite direction by this same potential difference.

Typically, an electrode connected to potentials closer to 0 is located after the ionizer to extract

the ions which reach the apperture in the center of the ionizer (extraction cone). Both systems

presented in this chapter use this kind of ion source.

A common element used to refocus the ion beam after the ion source is the Einzel lens. This

lens consists of a set of three cilindrical electrodes, as the one we can see in Figure 2.4, where

the two side electrodes are connected to an electric potential, but the central electrode to a

different one. The dependence of the electric field with both coordinates, radial and axial,

has an optical effect on the ions.

Figure 2.4: Simulation of ions passing through an Einzel lens on SIMION® [SIS, n.d.]. The red lines

represent the equipotential lines to which the electric field is perpendicular.

2.2.1 The SO-110B ion source at SARA

At SARA, samples are introduced in the system individually in a carousel, each target screwed
to a holder, and are driven to the ion source by a piston, as it is shown in Figure 2.5. This way,

the rest of the samples are not in contact with the Cs gas. The sample carousel can carry
200 samples. When the carousel is open to introduce and/or extract the targets, a guillotine
closes its connection to the rest of the ion source to avoid the air entering it.

The schematic view on SIMION® of the SO-110B source and the Einzel lens placed just after-
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wards is presented in Figure 2.6. The extraction cone is connected to ground potential, and so

do the two side electrodes of the Einzel lens. The potential Vlens < 0 of the central electrode

can be changed to optimize the final image of the ion source system. The extraction cone

can be slightly displaced in the 3 axes to change the electric field between it and the ionizer,

optimizing the focusing of the beam.

Most of the measurements performed with SARA use a −V0 potential of -35 kV, so the energy

of the negative ions in the LE side is 35 keV, independently of the terminal votage used. This

can be done thanks to the use of a electrostatic lens at the entrance of the accelerator, as it

is explained in the next section.

Figure 2.5: Piston taking a target out of the SARA sample carousel.

Figure 2.6: SIMION® simulation of the SO-110B ion source. Blue lines represent Cs
+
ions; red lines,

the negative ion beam; black lines, equipotential lines.

2.2.2 The modified MC-SNICS ion source at TANDY

For theMC-SNICS ion source used by TANDY, targets are introduced inserting them in a wheel,

which is screwed to the system. In Figure 2.7, this target wheel is shown. Each wheel has slots
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enough for 40 targets. If some slots are not used, aluminum targets (dummies) are placed

in the slot. As a result of this design, when a target is sputtered, the nearby targets are in

contact with the Cs gas. A guillotine closes the connetion to the rest of the ion source while

the wheel is being changed.

The new ionizer was manufactured by Spectra-Mac, Inc. (USA). This ionizer has a spherical

surface, unlike the old one which had a conical geometry. A simulation of the whole ion

source system with SIMION® files provided by the ETH LIP is presented in Figure 2.8. In

this case, the extraction cone is connected to a selectable negative potential. The side elec-

trodes of the Einzel lens are connected to the same potential as the extraction cone, while

the central one is connected to an additional selectable negative potential. The final increase

to ground potential is reached through an acceleration tube placed after this whole system,

so the electric fields are typicially much lower than the maximum electric fields reached in

the ion source from SARA.

Figure 2.7: Target wheel used by the MC-SNICS ion source.

Figure 2.8: SIMION® simulation of the ion source from TANDY. Blue lines represent Cs
+
ions; red

lines, the negative ion beam; black lines, equipotential lines.
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The lack of electrostatic lens before the accelerator suppose a restriction in the
V0
VT
ratio so

that the LE acceleration tube focus the ion beam in the stripper center. The reason for this is

explained in the next section. Jacob [2001] calculated that the optimal ratio was
V0
VT

= 0.102 '
0.1. This means that, for those radionuclides where a terminal voltage of ∼500 kV is used
(
10
Be,

26
Al and

41
Ca), the energy of the negative ions in the LE side should be ∼50 keV, while

for those radionuclides where a terminal voltage of ∼300 kV is used (129I and actinides), this
energy should be 30 keV.

2.3 Tandem accelerators

In a tandem accelerator, the negative ions are attracted to its center (terminal) by a large

positive potential VT � V0; the same potential accelerates again the positive ions after the

stripping process which takes place in the terminal, by electrostatic repulsion. At each side

of the accelerator terminal there is a set of electrodes connected with resistors which avoid a

sudden change in the electrostatic potential (acceleration tubes). The potential in these tubes

can be supposed to increase linearly if all the resistors of each tube have the same resistance.

In this case, the electrostatic force which the negative ions, with a charge −e, experience in
the first acceleration tube (LE tube) is

FLE−tube =
eVT

LLE
, (2.2)

where LLE is the length of the LE tube. The positive ions produced after the stripping process,

with a charge qe : q ∈ Z+
, experience a force in the second acceleration tube (HE tube) of

FHE−tube =
qeVT

LHE
, (2.3)

where LHE is the length of the HE tube. In the rest of the zones (before the LE tube, in the

terminal and after the HE tube) the potential is constant, so the electrostatic force is 0.

If the negative ions selected in the LE side have a massM0, and the positive atomic ions have

a mass ofM ≤M0
1
, the kinetic energy E of the ions is:

• eV0 at the entrance of the accelerator.

1M = M0 if the negative ion was the same atomic species, e.g.
14
C
q
ions from the stripping of

14
C
-
. M < M0

if this positive atomic ion is one of the fragments from a molecular negative ion, e.g.
41
Ca
q
ions from the stripping

of (
41
CaF3)

-
.
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• e(V0 +VT) at the exit of the LE tube, this is, in the terminal before the stripping process.

•
M
M0
e(V0 + VT) at the entrace of the HE tube, this is, in the terminal after the stripping

process. This
M
M0
factor comes from assuming that the molecular ion breaks elastically,

so the velocity of its fragments is the same, distributing the kinetic energy among those

fragments proportionally to their masses.

•
M
M0
e(V0 + VT) + qVT at the exit of the HE tube.

In each one of these 4 locations, there is a change of the electrostatic force ∆F which has a

focusing effect whose optical power
1
f is directly proportional to

∆F
E [Larson, 1974]

2
. If we

define the effective charge state of the positive ions as q∗ ≡ M0
M q [Maxeiner, 2016], and taking

into account that VT � V0, it can be deduced that the optical power is directly proportional

to:

•
VT
V0

1
LLE
at the entrance of the LE tube.

• − 1
LLE
at the exit of the LE tube.

• q∗ 1
LHE
at the entrace of the HE tube.

• − q∗

1+q∗
1
LHE
at the exit of the HE tube.

The
VT
V0
relationship becomes the key factor in the optical focusing of the negative ions in the

terminal, while the effective charge state q∗ defines the optical behaviour of the positive ions

after the terminal, in the the HE side of the AMS system.

Depending on how the terminal voltage is achieved, there are two main types of particle ac-

celerators used in AMS (not taking into account the HV power supplies used by the MICADAS

system):

• The tandetrons: these accelerators use a Cockcroft-Walton circuit based on a RF power

supply connected to a series of diodes and capacitors which, after some time, increase

the output voltage to a maximum value. In the case a of Figure 2.9 the most basic

version of this kind of circuit is shown, but the number of diode-capacitor stages can

be increased, being the output voltage directly proportional to the number of stages.

The main disadvantage of this kind of accelerator is that only terminal voltages up to

6 MV have been achieved with them. On the other hand, their terminal voltages are

very stable and they require little maintenance.

2
Even when this approximation to a thin lens is not suitable to get the actual behaviour of a certain accelerator

tube, the proportionality can be used to compare the behaviour of different accelerator tubes or different ions.
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• The pelletrons: these accelerators use a Van de Graaf generator consisting in a chain

of metallic pellets which are charged positively outside the terminal, and deposit this

charge on it, increasing the terminal voltage (see the case b of Figure 2.9). The pellets

can also be charged negatively before leaving the terminal, so the positive charge de-

posited by each pellet after passing through doubles. The voltages that some of these

accelerators can achieve are even higher than 20 MV. The main disadvantage from the

pelletrons is that the use of the pellet chains requires a regular maintenance.

In both cases, the high electric field between the terminal and the accelerator tank (at ground

potential) requires the use of a gaseous dieletric material in order to avoid the loss of the volt-

age by electric discharges. The most common material for this purpose is sulfur hexafluoride

(SF6).

(a) Tandetron (b) Pelletron

Figure 2.9: Basic operation principle of the systems used by the 2 different types of particle accelera-

tor to get the high terminal voltage.

The stripping process

Several large AMS systems use both solid and gaseous materials as stripper materials. The

angular straggling caused by solid strippers is not so important in these systems since this

effect is inversely proportional to the kinetic energy. In contrast, compact AMS systems, like

the 1 MV AMS system at CNA Seville and the 600 kV AMS system at ETH Zurich, only use

gaseous strippers, since the posibility of easily change the mass thickness of the material is

critical to destroy the molecular background without severely increasing unwanted angular

straggling or scattering effects. With gaseous strippers, the desing of the pumping system of

the gas in and out of the stripper tube is extremely important in order tominimize the leakage

of the stripper gas to the acceleration tubes (residual gas). This reduces the background
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produced by ions with different mass/charge ratio which are scattered by collisions with the

residual gas, leading to a trajectory which makes them reach the detector.

The stripping process is caused by the charge exchange reactions between the stripper ma-

terial and the ions. If the stripper mass thickness is high enough, these charge exchange

reactions reach an equilibrium where there are no negative ions, and the positive ions and

the atomic species are distributed in several charge states q ≥ 0. The fraction Φq between the

number of ions with charge state q produced and the total number of negative ions stripped
is called ”charge state fraction”. It is clear, then, that

Z∑
q=0

Φq = 1, where Z is the atomic num-

ber of the species. The ”mean charge state” is, so, defined as q̄ ≡
Z∑
q=0

qΦq, and depends on

the stripping material, but also on:

• The kinetic energy which the ions have in the terminal Estrip = M
M0
e(V0 +VT), also called

stripping energy. The higher this energy is, the higher the populated charge states

are. The most populated states at low energy AMS systems like SARA and TANDY for

most of the radionuclides are typically 1+, 2+ and/or 3+, being Φq ' 0 : ∀q > 3. This

is the minimum charge state reached at large AMS facilities using terminal voltages

higher than 2.5 MV. This dependence actually is on the velocitiy; therefore, for the same

stripping energy, two isotopes from the same element have slightly different q̄.

• The atomic species of the ions. The higher the atomic number is, the higher the popu-

lated charge states are. At SARA, for instance, the most populated charge state in the

He gas stripper for
10
Be is 1+, but 2+ for

41
Ca and 3+ for

236
U.

The stripper transmission for a charge state q is defined as the ratio between the rate of

positive ions at this charge state that exit the accelerator and the total rate of negative ions

which enter it. Therefore, this transmission is slightly lower than the charge state fraction,

because of the optical loses due to the angular straggling introduced by the stripper. It is

estimated by measuring the current −I0 of the negative ion from the stable isotope entering

the accelerator, and the current Iq from the positive ion of charge state q from stable isotope

ion. The transmission, then, is

Tq =
Iq
qI0

. (2.4)

Both systems described in this chapter initially used argon as stripper gas, but changed to

helium in the recent years [Vockenhuber et al., 2013; Scognamiglio et al., 2016].
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The use of He gas as stripper material means an improvement at low-energy AMS because of

the dependence of the mean charge state with the velocity. An example of this can be seen in

Figure 2.10, which shows data from Wittkower and Betz [1973] using uranium ions (because

of the high mass, velocities are much lower than for other typicial ions as carbon for similar

energies): while for high energies the mean charge states for other materials are higher than

for helium, for low energies the case is the opposite. This makes He gas the best option for

AMS at low energies and/or for heavy ion AMS [Vockenhuber et al., 2013; Winkler et al., 2015].

In addition, the angular straggling is reduced because of the low mass of helium.

Figure 2.10: Mean charge state of uranium ions as a function of the ion energy for different stripper

materials. Data from Wittkower and Betz [1973], presented also in Vockenhuber et al. [2013].

2.3.1 The 1 MV tandetron at SARA

Figure 2.11 shows the scheme of the elements within the 1 MV tandetron used by the SARA

system. All the resistors from each of the acceleration tubes are equal, so it can be supposed

that inside them there is a constant electric field ε = VT
L , where L = LLE = LHE = 72.5 cm. In

both cases, the electric field is in direction from the terminal to the accelerator extremes.

At the entrance of the accelerator there is an electrode (Q-Snout), whose potential VQ−Snout > 0

can be changed. The Q-Snout lens is used to increase the energy with which the ions enter

the LE accelerator tube and, so, reducing the focusing power from the aperture of this tube.
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The convergent power of the tube entrance is, in this case, proportional to
VT

V0 + VQ−Snout
.

Chamizo [2009] calculated that, in order to focus the beam in the center of the stripper tube,

this voltage has to be

VQ−Snout = 0.082 · VT − V0. (2.5)

In the stripper tube, the gas pressure is measured only at its center (p0). In order to cal-

culate the stripper mass thickness, it is assumed that the gas pressure follows a triangular

distribution, so the average pressure would be
p0
2 , and the mass thickness,

ρA =
MgasL

RT

p0

2
, (2.6)

where Mgas is the molar mass of the stripper gas, L the length of the stripper tube (30 cm

for SARA), R = 83145 mbar · cm3 · K−1 ·mol−1
, and T the gas temperature, which is at a room

temperature of 294.15 K (21 ºC).

Since the focusing power of the entrance of the HE accelerator tube is proportional to q∗ ≡
M0
M q, a quadrupole triplet (Q-Pole) is placed at the exit of the accelerator to refocus the beam.

An electrostatic quadrupole is a set of four electrodes, two of them facing in the X direction

and connected to a potential VQ, and the other two facing in the Y direction and connected

to a potential −VQ (see Figure 2.12). The electrodes have a geometry so that the potential φ

in places close to the center is approximately parabolic, this is, φ ∝ (x2− y2) (so it follows the

Laplace equation ∆φ = 0).

Figure 2.11: Scheme of the system of the 1 MV accelerator from SARA. Picture from Chamizo [2009],

modified by Scognamiglio [2017].
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Since each quadrupole focuses the beam in one axis, but unfocuses it in the other, sets of

multiple quadrupoles (multiplet) are used, where each quadrupole uses the opposite poten-

tials as the previous one. In the case of the quadrupole triplet at SARA, the potentials are, for

a VQ > 0:

• VQ in the X axis for the central quadrupole, and in the Y axis for the first and third

quadrupoles.

• −VQ in the Y axis for the central quadrupole, and in the X axis for the first and third

quadrupoles.

Figure 2.12: SIMION® view of an electrostatic quadrupole. The arrows represent the electrostatic

force which a positively charged particle would experienced for a VQ > 0.

2.3.2 The 600 kV pelletron at TANDY

TANDY uses a 600 kV pelletron from NEC, which has only one charging pellet chain, shown in

Figure 2.13. All the resistors of the HE tube are equal, so it can be assumed that there is a

constant electric field εHE = VT
L , where L = LLE = LHE = 28 cm is the length of each one of

the acceleration tube. The resistors of the LE, instead, have a resistance in the first third part

of the acceleration tube, but
3
2 times that resistance in the rest [Jacob, 2001], leading to two

different electric fields: a field ε1 = 3
4
VT
L in the first third part, and a field ε2 = 3

2ε1 = 9
8
VT
L in

the other two third parts, so ε1
L
3 + ε2

2L
3 = VT.

Thanks to this lower electric field at the entrance of the LE tube, the optimal
V0
VT
ratio to focus

the beam in the center of the stripper can be achieved with the energies available with the

ion source even for terminal voltages of 500 kV
3
. The electric field difference after this first

3
If the electric field were ε = VT

L
= 4

3
ε1, the optimal

V0
VT
would be also higher in order to have the same optical

power.
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third part of the tube also has a focusing effect, but this is much lower than the one at the

entrance because of the higher energy of the ions in that place.

In this case, the stripper gas pressure is measured not only in the center, but also in the

stripper apertures. Together with simulations, this allows a more accurate estimation of the

stripper mass thickness. Nevertheless, the simulation on Jacob et al. [2000], for instance,

estimates an Ar mass thickness of 2 µg·cm-2 for a central pressure of 0.058 mbar, whereas
using Equation 2.6, a mass thickness of 2.04 µg·cm-2 is estimated, showing the agreement of
the triangular approximation with more accurate estimations.

Figure 2.13: Pellet chain used to transport the charge in the pelletron from TANDY.

2.4 Electromagnetic kinematic filters

The kinematic filters most commonly used by AMS systems to select only the ions with a

certain mass/charge ratio are:

• Magnetic dipoles, which use amagnetic force to select the product of both themass/charge

ratio and the energy/charge ratio (
EM
q2
).

• Electrostatic analyzers, which use an electrostatic force to select the energy/charge ratio

(
E
q ).

• Wien filters, which confront two forces (an electrostatic one and a magnetic one) to

select the velocity of the ions (v ∝
√

E
M ).
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The AMS systems described in this thesis use only magnetic dipoles and electrostatic analyz-

ers. Magnetic dipoles are always used in both, the LE side and the HE side.

A common characteristic of these elements is that ions with both the same mass/charge and

energy/mass ratio have the same behavior. In order to distiguish the radionuclide of interest

from other ions reaching the detector, it has to be able to measure the kinetic energy of

these.

Magnetic dipoles

A magnetic dipole is an electromagnet which generate a magnetic field ~B in a specific area.

For ions with a charge qe which are moving with a linear momentum ~p perpendicular to ~B,

the magnetic force will make these ions follow a curved trajectory, also perpendicular to ~B,

with a radius

ρ =
p

qeB
. (2.7)

If the trajectory of these non-relativistic ions of massm (p =
√

2Em) must have a radius ρ = R

in order to exit the magnet and continue its trajectory through the system, the product of the

mass/charge ratio and the energy/charge ratio must be

Em

q2e2
=
B2R2

2
. (2.8)

In an AMS system, mass selection is needed before (LE side) and after (HE side) the ion ac-

celeration in the tandem accelerator. Taking into account the ion kinetic energy and charge

state in each of the sides, the mass selected by the LE side magnet (LEM) will be

M0 =
eB2

LEMR
2
LEM

2V0
, (2.9)

while the mass/charge ratio selected by the HE side magnet (HEM) must satisfy that

M

q

(V0 + VT

M0

M

q
+ VT

)
=
eB2

HEMR
2
HEM

2
. (2.10)

It can be demonstrated that this relationship between BHEM and
M
q is bijective so, theo-

retically, for a constant BHEM, the use of the HEM would be enough to select the required

mass/charge ratio. However, some energy dispersion or charge exchange processes with the
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residual gas in the HE accelerator tube could make some ions with different mass/charge

ratio have the same
EM
q2
relationship. That is the reason that, for the sensitivities required in

AMS measurements, an additional filter, like the electrostatic analyzer, must be used in the

HE side.

Magnetic dipoles also play an optical role. This ion focusing effect depends on the angle

between the beam and the borders of the magnet [Wollnik, 1999] (see Figure 2.14). If the

entrance and the exit of the magnet are perpendicular to the beam direction (Z axis), ions

diverging in the X axis (perpendicular to the beam but parallel to its curvature radius) from

a point (object) before the magnet will converge in a point (image) that is lined up with both

the object and the center of curvature of the ion beam. Ions diverging in the Y axis (perpen-

dicular to both the beam and its curvature radius), nevertheless, would not be focused (see

Figure 2.15) since Lorentz force, perpendicular to both the magnetic field (in the Y direction)

and the ion direction, would be in the X direction. Even in the borders, where the magnetic

field has a little component perpendicular to them, the magnetic force would still remain in

the X direction.

If the borders are not perpendicular to the Z axis, this component perpendicular to the bor-

ders do has a focusing effect in the Y direction, since the magnetic field in them would now

have components in the 3 axis [Wollnik, 1999]. This convergent power from each border is,

approximately,

1

fy
=

tan ε

R
, (2.11)

where ε is the angle which the border is inclined respect to the plane normal to the beam,

(a) Borders perpendicular to the beam. (b) Borders oblique to the beam.

Figure 2.14: Focusing in the X axis of magnetic dipoles depending on the inclination of the borders.
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and R the bending radius of the magnet. At the entrance, ε > 0 is defined if the border is

rotated in the same direction as the ions; at the exit, if it is rotated in the oppostite direction

(see case b of Figure 2.14).

That is the reason that magnetic dipoles used in AMS typically have this kind of borders. This

change of the geometry of the magnet also has a divergent power
1

fx
= − 1

fy
in the X axis

from the borders that has to be taken into account.

(a) Borders perpendicular to the beam.

(b) Borders oblique to the beam.

Figure 2.15: Focusing in the Y axis of magnetic dipoles depending on the inclination of the borders.

Simulation performed with GICOSY [Weick, n.d.].

Electrostatic analyzers

In order to reject ions with the same
EM
q2
relationship but different

M
q than the radionuclide

of interest, an electrostatic analyzer (ESA) can be used to select the
E
q ratio. Basically, an

ESA consists of a pair of electrodes at different voltages, so that the resulting electric field ε,

perpendicular to the beam direction, causes a curved trajectory with a radius

ρ =
2E

qeε
. (2.12)

There exist different types of ESA depending on the geometry of the electrodes, but the most

used in AMS are spherical, like the one shown in Figure 2.16. This way, the ESA has the same
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focusing effect in both the X and the Y axes. This effect is equivalent to the one given in the X

axis by a magnetic dipole with borders perpendicular to the beam.

Figure 2.16: Scheme of an ESA with spherical geometry. In this case, the selected ions should have

positive charge.

LE injector

The set of kinematic filters used to select themass of the negative ion entering the accelerator

is also called LE injector. The most basic way of doing this selection is just with a magnetic

dipole, as it is done at SARA and TANDY.

A common feature in the LEM of any AMS facility is the fast switching bouncer. In AMS, not
only the radionuclide of interest must be detected, but also the current of a reference stable

isotope is measured to get the ratio between both. For instance, in the case of
41
Ca AMS,

40
Ca
q
currents are measured to get the

41
Ca/

40
Ca ratios. This requires that the stable isotope

is sequentially injected in the accelerator. Changing the magnetic field of the LEM in order to

do so is not operative because the magnetic hysteresis would make this switching too slow.

Therefore, the stable isotope ions (of mass M ′0) are temporarily accelerated or decelerated

inside the magnet changing a voltage (bouncer) Vbouncer ≶ 0 connected to it, so the EM

product is the same as for the radionuclide of interest with its bouncer voltage, this is,

(V0 + Vbouncer)M
′
0 = V0M0 : Vbouncer =

M0 −M ′0
M ′0

V0. (2.13)

The main difference between the LE injectors of SARA and TANDY is that, at TANDY, there

is a Faraday cup placed out of beam line after the LEM in order to measure the currents of

the negative ions during measurements. This way, the stripper transmission can be tracked,

which cannot be made at SARA.

31
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HE spectrometer

Both SARA and TANDY use a combination of a HEM and an ESA to select the mass/charge

ratio of the ions reaching the detector. An interesting property of the combination of both,

a magnetic dipole and an ESA, is that they can be placed in a way that, for a certain object

position, the properties of the final image depend only on the
M
q ratio, and not in the energy

(achromatic system). This way, for ions with the same mass, little dispersions on the energy

would not lead to optical losses, effect which is depicted in Figure 2.17. For ions of different

mass, these little dispersions would not lead to part of these ions entering the detector and

intefering with the measurement. Consequently, achromaticity is a considerably desired fea-

ture in the HE sector at AMS. Some systems even have a LE ESA to perform an achromatic

injection of the negative ions.

When the LEM is injecting the stable isotope, its different bending radius in the HEM avoid

this ion reaching the ESA. In order to measure its current, a Faraday cup (FC) is placed on

its path. This way, the detector placed after the ESA measure the radionuclide ion rates, and

the FC, the current from its stable isotope, which permits the calculation of the isotopic ratio

between both. This ratio must be corrected taking into account

a) the slightly different transmission in the stripper (different masses mean different ve-

locities for similar kinetic energies),

Figure 2.17: Behaviour of different ions with the same mass but different energy in an achromatic

system. The different colours represent different ion energies, from lowest to highest: red, yellow and

blue.
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b) the ion optical losses for the radionuclide from the accelerator to the detector,

c) the background.

The need of these corrections is the reason why blank samples, with no content of the ra-

dionuclide, and standards, with known isotopic ratios between the radionuclide and its stable

isotope, are also measured.

Both systems SARA and TANDY also present and insertable silicon nitride foil between the

HEM and the ESA which is used to reduce the
10
B rates reaching the detector on

10
Be mea-

surements. Becuase of its different energy loss in the foil, most of the
10
B will not be selected

by the ESA.

2.4.1 The optical properties of the HE side at SARA

The use of the Q-Pole allows the focusing of the beam so that the object of the HE side, the

HEM and the ESA form an achromatic system, independently of the effective charge state of

the ions. In Figure 2.18, a simulation of
41
Ca
2+
ions in the HE side of SARA, performed with

GICOSY [Weick, n.d.], is presented. As it can be seen, all the ions converge in the same point,

independently of their energy.

Between the HEM and the ESA there are two different Faraday cups: a fixed one (FC2) which

was used to measure the
12
C currents in

14
C measurements (now these are performed with

the MICADAS system at CNA); and a movable one (FC3) used to measure the currents of the

stable isotope for the rest of AMS radionuclides. The FC3 has a hole to allow the
129
I
q
ions to

pass to the ESA while the FCmeasure the
127
I
q
current in

129
I measurements (see Figure 2.19).

Figure 2.18: GICOSY simulation of
41
Ca
2+
ions in the HE side of SARA (X-axis). The different colors

represent different ion energies.
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Figure 2.19: Faraday cups used in AMS measurements with SARA. On the left, an upper view of both

faraday cups is shown; on the right, a frontal view of the FC3.

2.4.2 The optical properties of the HE side at TANDY

Since there is no additional focusing between the accelerator and the HEM, the optical prop-

erties of the HE side of TANDY depend on the effective charge state q∗ ≡ M0
M q. The combi-

nation of the HEM and the ESA forms an achromatic system only for q∗ = 1+. 41Ca2+ ions,

on the other hand, have an effective charge state of 4.78+'5+ when the (41CaF3)- negative
ion, with a mass of 98 u, is selected in the LE side. The chromatic behaviour of these ions,

simulated with GICOSY, is shown in Figure 2.20.

Between the HEM and the ESA there are 3 different Faraday Cups used to measure the stable

isotopes: one for
9
Be, one for

40
Ca and

127
I, and another one for

27
Al and

238
U.

The optical properties of the HEM 2 (not used in
41
Ca measurements) are explained in detail

in Müller et al. [2010].

Figure 2.20: GICOSY simulation of
41
Ca
2+
ions in the HE side of TANDY (X-axis). The different colors

represent different ion energies. The position of the images from the charge states 1+, 3+ and 5+ are

also shown.
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2.5 Gas ionization chambers

In order to distinguish the ions with differentmassM ′ and charge q′ but the samemass/charge

ratio as the radionuclide of interest, the detection system has to include the measurement of

the energy of these ions. Since, as it was shown, these ions also have the same
E
q ratio, their

energy will be E′ = q′

q E.

Nowadays, the most common kind of detectors used in AMS are the gas ionization chambers

(GIC). A scheme of the operation principle of this kind of detectors is shown in Figure 2.21.

The GIC basically consists of a chamber filled with a gas, such as isobutane, and with two

electrodes placed face to face, one connected to a positive potential (anode) and another

one connected to a negative potential (cathode). The electric field caused by this potential

difference is low enough to have no effect on the ions because of their relatively high energy.

When an energetic charged particle enters the GIC, it is slowed down by the electrons from

the gas, which is ionized. The electrons released in this ionization, whose number is directly

proportional to the energy lost by the charged particle, are driven by the electric field to the

anode. The signal caused can be electronically treated in order to get a final digital signal

which depends on the energy lost by the ion inside the chamber. If the gas pressure is high

enough so that the ions are stopped before reaching the end of the chamber, the signal will

be directly proportional to the particle energy before entering the chamber. The Frisch grid

makes the shape of the signal independent from the place where the ionization took place.

Figure 2.21: Scheme of the operation principle of a GIC. Picture from Hosoya et al. [2017].

This energy is not exactly the ion energy before reaching the whole detector system. In order

to deal with the pressure difference between the chamber and the AMS system (in vacuum),

a thin foil (window) is placed at the entrance of the chamber. The ion will lose some energy in

that window, producing also a straggling on the energy with which it enters the chamber. This

effect is reduced if silicon nitride foils are used as detector windows, thanks to the availability

of foils of this material with a well defined thickness lower than 100 nm [Döbeli et al., 2004].

The energy loss per length unit −dE
dx (stopping power ) in the detector gas depends on the

atomic number of the ion, but also on its energy. For energies higher than the so-called Bragg
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peak energy (27.5 MeV for
41
Ca in butane, according to SRIM), this stopping power is ∝ Z2

p ·Zt

E

(Bethe-Bloch formula), whereZp andZt are the atomic numbers of the ion (projectile) and the

counting gas (target), respectively. For lower energies, as those reached at SARA and TANDY

for
41
Ca (one order of magnitude lower) the stopping power becomes ∝ Zp·Zt

(Z
2/3
p +Z

2/3
t )3/2

√
E

(LSS formula).

In both cases, the higher the atomic number of the projectile, the higher this stopping power

is
4
. This can be useful to distinguish the radionuclide of interest from its stable isobar. For

instance, in Figure 2.22 it can be seen the different dependence of the stopping power with

the distance covered by the ion for
41
Ca and

41
K. Sectioning the GIC anode in different ones,

therefore, the signals from both isobars can be distinguished. If the gas ionization chamber

has two or more anodes, the energy deposited on each one of them by the stable isobar

ion will be different that the one deposited by the radionuclide of interest. The total energy

deposited in both anodes will still be the same for both ions. An example of this separation

with
41
Ca and

41
K ions with an energy of 27 MeV can be seen in Figure 2.23.

Figure 2.22: Stopping power of
41
Ca and

41
K ions with an energy of 26.5 MeV in butane according to

SRIM. The butane density was set to stop the
41
Ca ions before covering a distance of 500 mm.

4
Even when this is not so trivial for the LSS formula, it can be easily proven that the function f(Z) =

Z

(Z2/3+x)3/2
fulfills that

df

dZ
> 0.
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At low energies, though, the high angular and energy loss stragglings within the counting gas

leads to a higher energy straggling of the signals from the different anodes, and the distinc-

tion between
41
Ca and

41
K is not possible (see chapter 3). For heavier ions, the transmission

of the kinetic energy to the whole gas atom/molecule (nuclear stopping power) becomes im-

portant at low energies.

Figure 2.23: Detector signals in a
41
Ca measurement with the 5 MV AMS system at SUERC, Glasgow.

Picture from Schulze-König et al. [2010].
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2.5.1 The compact gas ionization chamber at SARA

The compact GIC at SARA, which is presented in Figure 2.24, was designed at the ETH LIP,

and it is located after the ESA. It has two anodes, each one of them 5 cm long. Comparing

with the old HVE detector (see Figure 2.25), the lower volume of the compact GIC reduce the

electronic noise and the design minimizes the non-active area.

Figure 2.24: Scheme of the compact GIC at SARA. Picture from Scognamiglio et al. [2016].

Figure 2.25: Comparison between the old HVE GIC (left), and the new compact GIC (right).
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2.5.2 The retractable gas ionization chamber at TANDY

The retractable GIC at TANDY (see Figure 2.26) can be inserted after the ESA, in the image

of the 3+ charge state. It has two anodes, 3 cm long each one. For other radionuclides, a

compact GIC similar to the one at SARA placed after the HEM 2 is used [Müller et al., 2012].

Figure 2.26: Picture (left) and scheme (right) of the retractable GIC used in the
41
Ca measurements

with TANDY. Picture from Stocker et al. [2005]. Scheme adapted from a figure presented on Stocker

[2006].
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Chapter 3

41
Ca AMS at low energies

In this chapter, the main challenges related to
41
Ca AMS at low energies are detailed, and

some experiments related to this performed during this thesis with both systems, SARA and

TANDY, are also presented. The most important results were also published in Vivo-Vilches

et al. [in press].

3.1 The
41
K interference

Kinematic filters commonly used at AMS only select ions with a certain mass/charge ratio.

Nevertheless, the measurement of the energy of the ions in the detector allows the discrimi-

nation of ions with different mass but the sameM/q. Therefore, the main challenge of 41Ca

AMSmeasurements is dealing with its stable isobar,
41
K. As it is stated in chapter 1, large AMS

facilities deal with this potential interference using the different stopping power in the gas of

the GIC [Hosoya et al., 2017]. At low energies, on the other hand, scattering processes with

the gas itself produce an important angular straggling. This straggling, together with the one

on the energy loss itself, also entails a lower energy resolution, since different trajectories

lead to different energy losses in each one of the anodes.

Figure 3.1, for instance, shows a simulation performed with SRIM [Ziegler, n.d.] of the be-

haviour of
41
Ca ions in a GIC with 2 anodes: scattered ions will cover a longer path in the first

half of the detector, leaving more energy in the first anode. This way, at lower enegies,
41
K

ions scattered an angle θK could leave more energy in the first anode than some
41
Ca ions

scattered and angle θCa < θK, even when the stopping power of the potassium ions is lower.

The simulated spectra corresponding to
41
Ca and

41
K ions at different energies in a 2-anode
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GIC detector like the one presented in Figure 3.1 are presented in Figure 3.2. At relatively

high energies, the spectrum shows 2 count areas:
41
K ions deposit less energy than

41
Ca

ions in the first anode (ΔE) and more energy in the second one (Eres). At lower energies, like

those reached with the 1 MV AMS system at CNA, the
41
K and

41
Ca counts are mixed in the

spectrum.

The higher relative energy and angular stragglings at low energies also avoids the use of tech-

(a) 26.5 MeV (b) 2.3 MeV

Figure 3.1: SRIM simulation of the trajectories of several
41
Ca ions at two different energies in a GIC

detector with a 50 nm silicon nitride window, filled with isobutane and with 2 anodes 2.5 cm long

each. Isobutane pressures were adjusted on each case to stop the ions just before the GIC end.

(a) 26.5 MeV (b) 2.3 MeV

Figure 3.2: Spectra simulation with SRIM of an equal number of counts of
41
Ca and

41
K at different

energies. The ΔE axis represents the energy deposited in the first anode; the Eres axis, the energy

deposited in the second one.
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3.1. THE 41K INTERFERENCE

niques based on the different energy loss on silicon nitride foils, such as the ΔTOF technique

[Vockenhuber et al., 2005]. As it can be seen in Table 3.1, the energy straggling introduced

by these foils in
41
K and

41
Ca ions with an energy of 3.4 MeV (

41
Ca
3+
for a terminal voltage of

1 MV) would be, in most of the cases, higher, than the difference on the energy loss. Even at

the very best, this difference is only slightly higher than the energy loss straggling. For thicker

foils, besides, there would be an additional contribution to the energy straggling because of

the angular one.

The use of CaH2, selecting the (CaH3)
-
ion in the LE side, would reduce this potassium inter-

ference because of the instability of the (KH3)
-
ion. This only leaves the minor contribution

to the
41
K interference of the (

41
KH2)

-
ions where one of the hydrogen atoms is a deuterium

one. However, because of the hygroscopic character of CaH2, its chemical preparation and

handling is problematic. This makes this chemical form not suitable for applications which

involve large number of samples, like those typically performed with low energy AMS. The

possibility of extracting the (CaH3)
-
ion from other matrices, like the mix of calcium salts with

titanium hydride, have been tested in the past [Fink et al., 1990; Baba et al., 1997], and re-

cently here at CNA, in the last year of this thesis. Unfortunately, only unstable currents of

few nA of (
40
CaH3)

-
were measured in all these cases. More information about these experi-

ments is provided in Appendix B.

Therefore, at SARA and TANDY, CaF2 samples, extracting the (CaF3)
-
ion in the LE side, are

used, as it is also done in most of the large AMS facilities. The stability of this compound

makes it very suitable for handling of a large number of samples. The negative point, is that

the
41
K interference is increased by 2 orders of magnitude [Fink et al., 1990], this is, typically

in the 10
-11
level. Nevertheless, most of the samples measured with these systems present

41
Ca/

40
Ca ratios higher than 10

-10
. First

41
Ca measurements at TANDY were performed treat-

ing this interference as part of the background [Schulze-König et al., 2010]. However, since

the relative content of potassium could differ from one sample to another, an estimation of

Table 3.1: Energy loss straggling and average energy difference with
41
K ions of 3.4 MeV

41
Ca ions

after a silicon nitride window as a function of the foil thickness. The energy straggling (full width at

half maximum of the Gaussian distribution) has been calculated with the semi-empirical Sun’s formula

[Sun et al., 2007; Müller, 2009]. Average energies after the foil were obtained from SRIM simulations.

Foil thickness (nm)
41
K-
41
Ca energy difference (keV) Energy loss straggling (keV)

50 11 23

100 30 32

250 70 51

43



CHAPTER 3. 41CA AMS AT LOW ENERGIES

the
41
K interference would be more suitable. The best way to estimate this interference is the

measurement of the other stable isotope of potassium, the
39
K [Vockenhuber et al., 2015].

Potassium has 2 stable isotopes:
39
K, with a natural isotopic abundance of 93.2581%; and

41
K, with a natural isotopic abundance of 6.7302% [National Nuclear Data Center, n.d.]. Apart

from slight variations, these isotopic abundance are always the same, independently from

the sample, so the
41
K/
39
K ratio should be 0.072167 in any material. Therefore, since the

41
K/
40
Ca interference is typically in the 10

-11
-10

-10
range,

39
K/
40
Ca ratios are in the level of

10
-10
-10

-9
, ratios very suitable to be measured by AMS. Consequently, measuring not only

41
M/
40
Ca
1
, but also

39
K/
40
Ca ratios, the actual

41
Ca/

40
Ca ratio could be calculated as

R41,K−corr = R41 − αR39, (3.1)

where R41 denotes the uncorrected
41
M/
40
Ca ratio; R39, the

39
K/
40
Ca ratio; and α, the mea-

sured
41
K/
39
K ratio. Slight differences on the stripper and optical transmission between both

potassium isotopes wouldmake α not being exactly the natural 41K/39K ratio. This experimen-

tal
41
K/
39
K ratio (K-correction factor) can be calculated performing a linear regression where

the values of the dependent variable xi are the
39
K/
40
Ca ratios from different measurements

of the blank samples, and those of the independent variable yi, the
41
M/
40
Ca ratios. The ex-

perimental
41
K/
39
K ratio, α, is the slope of this linear regression. More information about the

related data analysis is presented in section 3.4.

In order to sequentially inject
41
M and

39
K ions into the detector, avoiding changes in the

magnetic field of the HEM, the accelerator terminal and ESA voltages have to be changed

sequentially, as it is done in actinide measurements [Chamizo et al., 2008a; Fifield, 2008].

The terminal voltage to inject the
39
K
q
ions should make its energy

41
39 times that one of the

41
M
q
ions when these are injected. However, this switching has to be much slower than the

one typically used to inject the negative ions into the accelerator, because of both: the need

of counting times of several seconds for both ions, and the relatively slow change of the

terminal voltage.

The most populated states at the stripping energies achieved with these compact AMS sys-

tems are the 2+ and 3+ states. Using the latter, there is no need of using relatively high

stripper pressures in order to destroy the molecular background, since molecular ions with

charge state 3+ are unstable. Up until 2018, it was thought that the K-correction would not

allow the use of this charge state: the detection of
39
K
3+
would not be possible because of the

rates of
13
C
+
were expected to be so high that they would saturate the detector. Our recent

studies at SARA, nevertheless, show that
13
C
+
rates are not so high, and the K-correction can

1
Where

41
M denotes all the ions with mass 41, this is,

41
M≡41K+41Ca
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be also used when the 3+ state is selected (see chapter 4).

Using the K-correction, the
39
K/
40
Ca ratio becomes a relevant factor involved in the final

uncertainty of the results. Besides, since
39
K and

41
M are not measured simultaneously,

but sequentially, huge changes in the
39
K/
40
Ca ratio should be avoided. It is clear, then,

that understanding the factors related to the production of the
41
K interference is extremely

important for
41
Ca AMS at low energies. In the next sections, several experiments related

to this interference, performed during this thesis with both systems, SARA and TANDY, are

presented.

3.2 Studies of the sources of the
41
K interference

During the first tests of
41
Ca AMS using calcium fluoride, it was thought that the (KF3)

-
ion

is a totally unstable ion, and the
41
K interference is not caused by the production of (

41
KF3)

-

ions, but from other molecular ions where
41
K is present and with the same mass, 98 u [Fink

et al., 1990]. Zhao et al. [2010] proved, though, that F
+
ions were produced from the stripping

of ions with a mass of 96 u, consequently identifying those ions as (
39
KF3)

-
, confirming the

existence of the ion. The slight stability from the (KF3)
-
ion, the fluorine present in the CaF2

sample, and the relatively high trace amount of potassium typically found in Cs, make possi-

ble the production of (
41
KF3)

-
ions, even in the theoretical case where there is no potassium

trace amount within the cathode.

The existence of the (KF3)
-
ion, nevertheless, does not mean that this ion is the only negative

ion leading to
41
K interference. The relatively high mass of the (

41
KF3)

-
ion would allow, also,

the formation of other several different ions with the same mass,98 u, and where potassium

is present. For instance, a common observation during experiments during this thesis is the

detection of relatively high rates of both
41
K and

39
K ions when material with no fluorine

was sputtered. This has been systematically observed with both systems, SARA and TANDY.

Zhao et al. [2010] proposed the theory that another important negative ion related to
41
K

interference would be the (
41
K
57
Fe)

-
ion, since it has also, a mass of 98 u. They also checked

that adding iron to the samples increased the
41
K rates. This would explain the high

41
K rates

when metal is sputtered.

In order to prove that this theory is correct, and that their increase on the
41
K rates was not

due to a higher trace amount of potassium in their iron material, an experiment was per-

formed with the TANDY system during thw stay at the ETH LIP. This experiment consisted in

the measurement of the
41
M
2+
,
39
K
2+
,
57
Fe
2+
and

19
F
+
rates in a blank sample and an alu-

minum dummy.
41
M
2+
and

39
K
2+
rates were measured sequentially using the slow switching
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CHAPTER 3. 41CA AMS AT LOW ENERGIES

of the terminal and ESA voltages, as it is done during routine
41
Ca measurements at that sys-

tem. For the later detection of the other ions, the magnetic field from the HEM was changed,

first, so that it selected the magnetic rigidity of the
57
Fe
2+
ions, and then, changed again to

select the one of
19
F
+
. Because of this, only qualitative comparisons between these ions and

both potassium ion rates can be done. Only during the detection of
41
K the bouncer magnet

was set to select a mass of 98 u, this is, (
41
KF3)

-
and (

41
K
57
Fe)

-
ions; in the rest of the cases, a

mass of 96 u, this is, (
39
KF3)

-
and (

39
K
57
Fe)

-
ions, was selected in the low energy side.

As it can be seen in Table 3.2,
57
Fe was indeed detected, and its rates were almost directly

proportional to those from
41
M and

39
K. The rates from these 3 ions were one order of mag-

nitude higher in the Al dummy than in the blank sample. In order to ensure that the ions with

mass 57 were
57
Fe ions, the He stripper pressure was increased up to 2.5 times the pressure

used during routine
41
Ca measurements. No significant decrease of the ion rates was ob-

served, which should have happened if those ions were molecular ions. Another discarded

option was that those ions had been other elemental ions with a
M
q ratio of 28.5, based on

two evidences:

1. Only ions withM = 57 · n, with n = q
2 being an integer, would have that

M
q ratio. Since

the mass M0 selected in the LE side was 96 u, the only mass M = 57 · n which fulfils
M < M0 is 57 u, which only has one stable isobar:

57
Fe.

2. The energy of these ions, according to the GIC detector spectrum, was consequent with

the theoretical energy that
57
Fe
2+
ions should have in those conditions.

It seems clear that
57
Fe played an important role in the production of

41
K interference when

the aluminum dummy was sputtered, while the (
41
KF3)

-
was the main source in the case of

the fluoride sample. Nevertheless, the high mass differenceM0 −M allows the formation of

several different negative ions leading to
41
K interference.

In any case, it is a fact that the sputtering of metallic parts does increase the
41
K interference,

so it is interesting to know how this interference depends on the material used, for instance,

Table 3.2: Rates from different ions in an aluminum dummy and a blank sample during the experi-

ment with the 600 kV AMS system at ETH. The
19
F
+
rate with the blank sample could not be measured

because it saturated the detector. Standard deviations were used as uncertainties.

Ion
41
M
2+ 39

K
2+ 57

Fe
2+ 19

F
+

Mass injected in LE side (u) 98 96 96 96

Rate on CaF2 blank (s
-1
) 143.4 ± 3.5 1402 ± 34 194 ± 29 >10000

Rate on Al dummy (s
-1
) 1243 ± 63 16270 ± 550 1368 ± 95 460 ± 14
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as target holder. At ETH LIP there are 3 different metals available as target holders for the

TANDY ion source: titanium (Ti), copper (Cu) and aluminum (Al). To test the possible depen-

dence of the target holder material on the
41
K interference, the

39
K/
40
Ca ratio was measured

in blank and standard samples pressed in cathodes of the 3 different materials. For each of

these materials, 2 blank cathodes and 3 standards, each one with a different
41
Ca/

40
Ca ra-

tio, were pressed. The use of different standards was not relevant because of their different

nominal
41
Ca/

40
Ca ratio, but for testing the target holders with different CaF2 material.

This experiment was conducted after a small accident which stained the ion source with

cesium. After the cleaning of the ion source,
39
K rates were still higher than usual, which

was taken advantage of to study the relationship between the
41
K interference and the target

holder material. In Figure 3.3, the evolution of the
39
K/
40
Ca ratios is shown.

As expected, no dependence on the CaF2 material used (blank, standard...) was observed, so

no reference to that is shown in the figure. After 30 minutes, the
39
K/
40
Ca ratios were already

stable and in the 10
-10
-10

-9
range, as it happens in optimal conditions. At this plateau region,

no relevant difference between the copper and titanum targets were observed, being their

average
39
K/
40
Ca ratios, respectively, (3.53 ± 0.90) × 10-10 and (4.2 ± 1.5) × 10-10. On the

other hand, aluminum targets exhibited a slightly higher
39
K/
40
Ca ratio of (7.3 ± 2.0) × 10-10.

Figure 3.3: Evolution of
39
K/
40
Ca ratios from blank and standard samples in target holders from dif-

ferent materials.
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Commercial chemical companies typically report a higher iron trace amount for aluminum

than, for instance, for copper, so these slightly higher
39
K/
40
Ca ratios could be a direct con-

sequence from the (
39
K
57
Fe)

-
ion production.

The possible influence of
57
Fe in the production of

41
K interference makes advisable taking

into account iron-calcium separation during the chemical preparation of the samples, as well

as avoiding the use of steel material for any part of the cathode.

3.3 Time evolution of the
41
K interference

The possibility of producing the
41
K interference even when an area different from the actual

sample is sputtered implies that
39
K and

41
K rates are not directly related to the (

40
CaF3)

-
ion

source output, which produces appreciable temporal changes in the
41
K/
40
Ca interference.

A better explanation of how the measurement time is structured is presented in section 3.4.

This feature can be perfectly seen in the results from one of the
41
Ca measurements with

the 1 MV AMS system at CNA. More information about the setup of this system for
41
Ca

measurements is presented in chapter 4. Even when, recently, experiments with the 3+ state

have been made, these measurements were performed selecting the 2+ state.

A measurement performed with a non optimal ion source output was selected to study the

relationship between the temporal evolution of the
41
K interference and the stability of the

ion source output. Figure 3.4 and Figure 3.5 represent, for 2 different blank targets used

during this measurement, the time evolution of the
40
Ca
2+
current; the

41
M
2+
and

39
K
2+
rates;

and the
39
K/
40
Ca,

41
M/
40
Ca and

41
M/
39
K ratios. Note that

41
M and

39
K are not measured

simultaneously, but sequentially. Even when both cathodes were pressed using the same

CaF2+Ag material, their evolution was very different.

In the first case (blank 1, Figure 3.4), the ion source current output was more stable, at least

after 10 minutes of sputtering. The
40
Ca
2+
ion current kept increasing 20-30 minutes further

and, then, started a slight decrease. However,
41
M
2+
and

39
K
2+
rates were almost constant

after the first 15-20 minutes of sputtering, implying an slight increasing of the
39
K/
40
Ca and

41
M/
40
Ca ratios when the

40
Ca
2+
current decreases.

In the second case (blank 2, Figure 3.5), the
40
Ca
2+
ion current was much more unstable. Its

initial increase stops after 20 minutes of sputtering; then, the current started to decrease

exponentially. On the other hand,
41
M
2+
and

39
K
2+
rates kept increasing 20 minutes more,

reaching levels almost 2 times higher than those from blank 1. Consequently, the
41
M/
40
Ca

ratio from this blank reached levels even higher than 10
-10
, while, for the blank 1, it kept
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lower than 4 × 10-11 the most of the time.

A very different behavior was presented by the
41
M/
39
K ratio. The changes in the

41
M/
40
Ca

ratios in both blanks were directly related to the changes in the
39
K/
40
Ca ratio. This means

that that time evolution of that
41
M/
40
Ca ratio was only caused by changes in the

41
K/
40
Ca in-

terference, and not in the
41
Ca/

40
Ca background. Therefore, the different behaviour between

both blanks did not imply a sustantial difference in the
41
M/
39
K ratio. In both cases, that ratio

BLANK 1

Figure 3.4: Time evolution of the
40
Ca
2+
current, the

41
M
2+
and

39
K
2+
rates, and the

39
K/
40
Ca,

41
M/

40
Ca

and
41
M/

39
K ratios for a blank sample (blank 1) during a measurement at SARA.
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stayed stable, except for the first sputtering minutes. The
41
M/
39
K ratio was 0.092 ± 0.012

for the blank 1, and 0.0843 ± 0.0096 for the blank 2.

The most plausible explanation to this different behaviour between both targets is that a

slight difference in the sample mass used for each cathode had caused that the steel pin

were closer to the surface. Copper pins are used now for the
41
Ca targets at SARA to avoid

the influence of
57
Fe in the production of

41
K interference.

BLANK 2

Figure 3.5: Time evolution of the
40
Ca
2+
current, the

41
M
2+
and

39
K
2+
rates, and the

39
K/
40
Ca,

41
M/

40
Ca

and
41
M/

39
K ratios for another blank sample (blank 2) during a measurement at SARA.
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Summarizing, the key points that can be extracted from these results, and which are impor-

tant to optimize the performance of the K-correction in
41
Ca AMS at low energies, are:

• If there is such a huge change in the
41
K/
40
Ca ratio from one target to another, even

when they are using the same blank material, treating the
41
K interference as part of

the background for
41
Ca AMS at low energies compromises the reliability of the results.

• Even in the worst cases, the
41
K/
39
K measured ratio is quite stable, which proves that

the K-correction is a robust method to estimate the
41
K interference at low energies.

• Because of the temporal changes in the
41
M/
40
Ca and

39
K/
40
Ca ratios, the K-correction

should be applied sequentially (as explained in section 3.4), and not to the average

41
M/
40
Ca ratio from each sample, in order to reduce the final standard deviation.

Taking as example the measurement from which the previous results were obtained, the

41
Ca/

40
Ca background, after the K-correction, was (7.1 ± 2.4) × 10-12, while the average total

41
M/
40
Ca ratio in blanks was (66 ± 35) × 10-12. If we suppose that the limit of detection is

directly proportional to the standard deviation of the background
2
, this means that the limit

of detection is lowered a factor ∼15 by using the K-correction. More information about the
41
Ca background at SARA is provided in chapter 4.

3.4 Data analysis for
41
Ca AMS at TANDY and SARA

General AMS measurements need the application of several corrections after performing the

measurements in order to get reliable results. For instance, different causes typically lead

to the identification of some events as ions from the radionuclide of interest, when they

are not (background). In order to correct this background, samples with no content of the

radionuclide (blanks) are also measured. Other fact that must be corrected is that, even

after subtracting the background, the measured isotopic ratios may slightly differ from the

real ones because of the optical losses suffered by radionuclide ions before reaching the

detector. In order to solve that, samples with known content of the radionuclide of interest

(standards) are also measured.

On the other hand, the specific challenges from each radionuclide make necessary additional

corrections. In the case of
41
Ca, even in large facilities, it is advisable to deal with the

41
K ions

which may interfere with the
41
Ca spectrum in the detector [Rugel et al., 2016]. In the case of

2
For instance, in analytical chemistry, the limit of detection is typically calculated as 3 times the standard

deviation of the blank measurement.
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41
Ca AMS at low energies, as it was stated in section 3.1, the only way to estimate the whole

contribution of this interference is during the data analysis. This K-correction becomes one

of the key steps of this analysis.

The specific features of
41
Ca AMS data analysis at low energies depend on the system used,

since available information slightly depends on the elements present on the system; for in-

stance, the possibility of measuring the (
40
CaF3)

-
current on the LE side at TANDY makes

possible using discard criteria based on the stripper transmission. However, the basic steps

are the same.

In order to reduce the time consumed by this data analysis, 2 programs were written in

FORTRAN code during this thesis: one for the measurements at TANDY, written during the 4

months stay at ETH LIP; and another one, based on it, for the measurements at SARA. The

code changes are only related to these slight differences in the information provided by each

AMS system. More information about these programs is provided in Appendix C.

In this section, an overview of the steps followed by these programs is presented.

3.4.1 AMS measurement

In order to understand the data analysis of the measurements, it is very important to know

how themeasurements are performed. Figure 3.6 shows the typical measurement procedure

in
41
Ca AMS at low energies. Each sample i 3 is introduced in the machine a number nruns of

runs. During each one of these (i, j) runs, both ions, 41M and 39K, are sequentially measured

using different sequence times t41 and t39 for each one. Both ions are measured the same

number of sequences nseqs. Each
41
M sequence (i, j, k), except the first one from each run,

(i, j, 1), is preceded by the 39K sequence (i, j, k− 1) and followed by the 39K sequence (i, j, k).

Typically, 5 sequences of t41 = 30 s for 41M, and t39 = 10 s for 39K, are used in the measure-

ments at SARA and TANDY. This time can be lower if a certain number of ion counts in the

detector is reached.

The measurement of the
40
Ca current is performed in a different way at SARA than at TANDY.

In the first case, a
40
Ca sequence is added just after the

41
M one, using the same terminal

and ESA voltage than those used in
39
K sequences; the reason for this will be explained in

chapter 4. In the second case, the
40
Ca current is measured using the fast switching of the

LEM bouncer during the
41
M sequence.

Theoretically, a system with 2 FCs in the HE side and with the proper software could mea-

3
This includes not only the samples whose

41
Ca/

40
Ca we want to know, but also blank and standard samples.
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sure the
40
Ca current during both, the

41
M and the

39
K sequences, and it would be possible

to directly get the
41
M/
40
Ca ratio Rseq

41 (i, j, k) and the 39K/40Ca ratio Rseq
39 (i, j, k) from each

sequence. At SARA and TANDY, the
40
Ca current is assumed to change linearly from one

sequence to the next in order to calculate these ratios.

If the uncertainties of the
40
Ca current and the measuring time are disregarded, the statistical

uncertainty from each of these Rseq
A (i, j, k) ratios, where A is either 41 or 39, is

U seq
A (i, j, k) =

Rseq
A (i, j, k)√
NA(i, j, k)

, (3.2)

where NA(i, j, k) is the total number of ions with mass A detected in that sequence4.

Figure 3.6: Typical scheme of a
41
Ca measurement with a compact AMS system implementing the

K-correction.

4
The uncertainty from NA(i, j, k) is

√
NA(i, j, k)
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3.4.2 Calculation of the experimental
41
K/
39
K ratio (K-correction factor)

In order to get the experimental
41
K/
39
K ratio α (or K-correction factor), the 41M/40Ca and

39
K/
40
Ca ratios from each run of the blank samples are used in order to perform the linear

regression. These ratios are calculated as

Rrun
A (i, j) =

nseqs∑
k=1

wseq
A (i, j, k) · Rseq

A (i, j, k)

nseqs∑
k=1

wseq
A (i, j, k)

, (3.3)

wherewseq
A (i, j, k) is a weight function dependent on the 40Ca current in that sequence IA(i, j, k)

and the sequence time tA(i, j, k), defined as

wA(i, j, k) ≡ IA(i, j, k) · tA(i, j, k) · Cseq
A (i, j, k). (3.4)

This weight function makes more important those sequences with higher statistics. The

Cseq
A (i, j, k) is a logical factor which is 0 if any of the selection criteria (minimum 40

Ca cur-

rent, for instance) is not passed, and 1 otherwise. The common selection criteria used at

SARA and TANDY are presented in subsection 3.4.5.

Once all the Rrun
41 (i, j) and Rrun

39 (i, j) ratios from the blank samples have been calculated, a

linear regression is performed by the method of least squares, using the Rrun
41 (i, j) ratios as

independent variable x, and Rrun
39 (i, j) as dependent variable y5. The slope from this linear

regression is the K-correction factor α± U(α).

3.4.3 Application of the K-correction and sample average

Since each
41
Mmeasurement sequence is performed between two

39
K sequences, the

39
K/
40
Ca

ratio which should be applied to correct the Rseq
41 (i, j, k) ratio is not exactly Rseq

39 (i, j, k), nei-

therRseq
39 (i, j, k−1). Nevertheless, since the expected changes in this 39K/40Ca ratio are slight

in the time scale between two sequences, during the
41
M sequence it can be supposed to be

the average from the previous and the following one. The K-corrected
41
Ca/

40
Ca ratio from

each sequence, therefore, is

5[x; y](i, j) = [Rrun
41 (i, j);Rrun

39 (i, j)]
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Rseq
K−corrected(i, j, k) =

= Rseq
41 (i, j, k)− α · R

seq
39 (i, j, k − 1) +Rseq

39 (i, j, k)

2

: k = [2, nseqs] . (3.5)

The uncertainty from this K-corrected ratio is calculated as

U seq
K−corrected(i, j, k) =

√√√√√√√ [U seq
41 (i, j, k)]2 +

[
α · R

seq
39 (i, j, k − 1) +Rseq

39 (i, j, k)

2
√
N39(i, j, k − 1) +N39(i, j, k)

]2
+

+
[
U(α) · R

seq
39 (i, j, k − 1) +Rseq

39 (i, j, k)

2

]2
. (3.6)

Using the same weight functions w41(i, j, k) used to calculate the uncorrected 41M/40Ca ratios

from each blank sample run, the K-corrected
41
Ca/

40
Ca ratios from each run can be calculated

for every sample as

Rrun
K−corrected(i, j) =

nseqs∑
k=2

wseq
41 (i, j, k) · Rseq

K−corrected(i, j, k)

nseqs∑
k=2

wseq
41 (i, j, k)

. (3.7)

and the standard deviation is

Srun
K−corrected(i, j) =

=

√√√√√√√√ Neffseqs(i, j)

Neffseqs(i, j)− 1
·

nseqs∑
k=2

wseq
41 (i, j, k) · [Rseq

K−corrected(i, j, k)−Rrun
K−corrected(i, j)]2

nseqs∑
k=2

wseq
41 (i, j, k)

,
(3.8)

whereNeffseqs(i, j) is defined as the number of sequences in the run (i, j) where Cseq
41 (i, j, k) =

1. The standard deviation is only calculated if Neffseqs(i, j) > 1.

Assuming a virtual number of
41
Ca counts in each sequence equal to

[Rseq
K−corrected(i,j,k)

U seq
K−corrected(i,j,k)

]2
, the

uncertainty of Rrun
K−corrected(i, j) is

U run
K−corrected(i, j) =

Rrun
K−corrected(i, j)√

nseqs∑
k=2

[
Cseq

41 (i, j, k) · R
seq
K−corrected(i,j,k)

U seq
K−corrected(i,j,k)

]2
, (3.9)

The weight function wrun(i, j) from each run is defined as
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wrun(i, j) ≡

{ 0 if Crun(i, j) = 0[Rrun
K−corrected(i, j)

U run
K−corrected(i, j)

]2
if Neffseqs(i, j) = 1

min
{[Rrun

K−corrected(i, j)

Srun
K−corrected(i, j)

]2
;
[Rrun

K−corrected(i, j)

U run
K−corrected(i, j)

]2}
if Neffseqs(i, j) > 1

, (3.10)

where, evidently, at least one of the criteria making Crun(i, j) = 0 is that Neffseqs(i, j) = 0.

This way, those runs where the behavior was more stable and, therefore, with lower relative

uncertainties, take more importance. The sample average of the K-corrected
41
Ca/

40
Ca ratio

RK−corrected(i) and its standard deviation SK−corrected(i) are calculated from the results of the

runs in an analogous way as these results of the runs are calculated from the results of the

sequences. The uncertainty is calculated as

UK−corrected(i) =
RK−corrected(i)√
nruns∑
j=1

wrun(i, j)

. (3.11)

3.4.4 Blank and standard correction

The next corrections are common to almost all the AMSmeasurements, no matter the system

or the radionuclide. The background B is calculated as the non-weighted average of the K-
corrected ratios from all the blank targets. This way, the blank corrected ratio from each

sample is

RBLK−corrected(i) = RK−corrected(i)− B. (3.12)

In this case, no weight function is added since no reason makes some blank samples more

scientifically relevant than others. The uncertainty from this ratio is

UBLK−corrected(i) =

=

{ √
[UK−corrected(i)]2 + [S(B)]2 if

∫ s

0
χ2[x;Neffruns(i)− 1]dx < 0.95

√
[SK−corrected(i)]2 + [S(B)]2 if

∫ s

0
χ2[x;Neffruns(i)− 1]dx ≥ 0.95

, (3.13)

where S(B) is the standard deviation of the background,Neffruns(i) is the total number of runs

from the sample i with wrun(i, j) > 0, and s ≡ [
SK−corrected(i)
UK−corrected(i) ]2 · [Neffruns(i)− 1].
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The next step is the correction of the stripping and optical fractionation, or standard correc-

tion. TheRexp(`) from each standard material `, with a nominal 41Ca/40Ca ratio ofRnom(`), is

calculated as the non-weighted average of the BLK-corrected ratios from all the targets of that

standardmaterial. If that average has a standard deviation Sratio(`), the nominal/experimental

factor f(`) = Rnom(`)
Rexp(`) will have a standard deviation σf (`) =

Sratio(`)

Rnom(`)
· f(`).

Since, typically, several different standard materials are used during measurements, the final

nominal/experimental factor F applied for the standard correction will be the non-weighted
average of the different f(`) factors. No weight function is applied because the same reasons

as those for blank correction: no reason makes some standard samples more scientifically

relevant than others. If this produces a standard deviation σ(F), the final uncertainty of the

standard correction factor F is

U(F) = max
{
σ(F);

F∑̀
[ f(`)
σf (`) ]2

}
. (3.14)

The final
41
Ca/

40
Ca from each sample is, therefore,

RSTD−corrected(i) = F · RBLK−corrected(i), (3.15)

with an uncertainty

USTD−corrected(i) =
√

[U(F) · RBLK−corrected(i)]2 + [F · UBLK−corrected(i)]2. (3.16)

3.4.5 Common selection criteria used at SARA and TANDY

The only selection criteria used only in
41
Ca measurements at TANDY, and not at SARA, are

those related to the stripper transmission, since that information is available in the mea-

surements with that system. Typically, sequences (i, j, k) where the stripper pressure has a

difference of 5% or higher with either the average tranmission through the whole measure-

ment, or the average transmission during that run (i, j), are discarded. Nevertheless, these

possible changes in the transmission are not expected to be relevant at SARA, where the

optical losses are lower for
41
Ca.

Therewith, the rest of selection criteria, used also in themeasurement at SARA, are presented,

and the reasons to apply them are explained.
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Ignoring first run

As it can be seen in section 3.3, during the first sputtering minutes the ion source current

output typically presents a quite unstable behaviour. It is advisable not to use these results

in the data analysis, so a common selection criterion is that

Crun(i, 1) = 0 ∀i. (3.17)

Minimun
40
Ca current output

A very low ion source current ouput within a sequence (i, j, k) can be symptomatic of a tem-

poral failure, which makes the results of the ratios from that sequence not representative of

the reality. Besides, a low current output is a common feature of time intervals where that

same output is more unstable; for instance, when the target is starting to run out of sample

material. In order to work with sequences where the behaviour of this output is stable, a

minimum
40
Ca current Imin can be established. For any sequence (i, j, k) : IA(i, j, k) < Imin,

the weight function will be set as 0. This minimum current should be established taking into

account the average currents observed during that measurement, as well as the typical cur-

rents observed historically with that AMS system. At SARA for instance, we typically use a

minimum
40
Ca
2+
current of 20 nA.

Maximum ion rate

GIC detectors typically do not work properly when the total ion rates are too high. In these

cases, mainly 2 effects reduce the detection efficiency:

• The pile-up, or combination of the signals from 2 or more ions, producing a signal

proper to an ion with a higher energy.

• The saturation of the electronic chain that transform the signal produced by the ion into

a digital one.

It is suitable, therefore, to establish a maximum ion rate, so the sequences where that
41
M

or
39
K rates are higher are discarded. To establish this limit, a study of the relationship

between the ion rate and the GIC detector efficiency should be performed. More information

about the efficiency of the SARA GIC and the typical maximum rates in our measurements is

presented in chapter 4.
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Maximum
39
K/
40
Ca ratio

In order to take the measurements of each sample where the
41
K interference was the

least, and to avoid the unstable behaviour of the
39
K/
40
Ca ratio when it si higher, a maximal

39
K/
40
Ca ratioRMAX

39 can be set, so all the runs (i, j)where the average 39K/40Ca ratioRrun
39 (i, j)

is higher thanRMAX
39 are discarded. This also avoids the extrapolation of the K-correction fac-

tor for Rrun
39 (i, j) higher than those found in blanks samples, provided that this maximum

39
K/
40
Ca ratio is lower or equal than the highest

39
K/
40
Ca ratio found in blank samples. This

maximum
39
K/
40
Ca ratio is typically set in 1-2 × 10-9 range, so the 41K/40Ca interference is

expected to stay in the 10
-11
-10

-10
range.
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Chapter 4

Setup of the 1 MV AMS system at CNA

for
41
Ca measurements

In this chapter, several experiments performed throughout this thesis related to the per-

formance parameters for
41
Ca measurements at SARA are detailed. These parameters are

related to the final efficiency of the
41
Ca ion detection in order to provide a strong statistics,

and the final
41
Ca/

40
Ca background and sensitivity. The most important results presented

here were also presented in Vivo-Vilches et al. [2017]. The specific parameters studied and/or

optimized have been:

• The (
40
CaF3)

-
current output with the SO-110B ion source (section 4.1).

• The transmission in the He gas stripper of the charge states 2+ and 3+ (section 4.2).

• The detection efficiency and signal identification ΔE-Eres spectra of the compact GIC

(section 4.3).

• The linear correlation between
41
K and

39
K ions and the final

41
Ca background after the

K-correction (section 4.4).

• The optical transmission of
41
Ca through the HE spectrometer by the comparison of

nominal and experimental ratios in standard samples (section 4.5).

A comparison of these performance parameters with those at TANDY is also presented in

section 4.6. In order to complete this comparison, measurements of the ETH LIP in-house

41
Ca standards [Christl et al., 2013] and several samples of biomedical interest previously

measured at TANDY are also shown.
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4.1 Optimization of the ion source extraction

The ionization efficiency of Cs sputtering not only depends on the electron affinity of the

ionized element or molecule, but also on both the thermal and the electrical conductivities

of the material within the sample target. In order to produce the (CaF3)
-
ions, therefore, it is

necessary to mix the calcium fluoride
1
with a metallic element (binder). The most common

element with which CaF2 is mixed for
41
Ca AMS is silver (Ag), but, for other radionuclides,

other materials, like niobium (Nb), are used.

In a simple model, therefore, it can be assumed that the ionization efficiency E depends only
on the relative volume occupied by the binder. The total number of (CaF3)

-
ions produced

would be, then, directly proportional to the product of this efficiency and the relative volume

occupied by the sample. Consequently, it can be proven that the maximum total production

of (CaF3)
-
ions is achieved when the relative volume occupied by the binder and the one

occupied by the CaF2 sample are the same. In terms of weight ratio, this means that the

optimal ion source performance is achieved when the CaF2:binder weight ratio is

X =
ρ(CaF2)

ρ(binder)
, (4.1)

where ρ(binder) and ρ(CaF2) = 3.18 g · cm−3
are the densities of, respectively, the binder and

CaF2. In the case of a CaF2:Ag mix, this optimal weight ratio would be 1:3.3. Nevertheless,

this theoretical result, based on simple assumptions, is not totally reliable. For instance, with

the ion source at TANDY, the optimal CaF2:Ag weight ratio is 1:9.

In order to make sure that the optimal binder material at SARA is also silver, and to find the

optimal weight ratio, the (
40
CaF3)

-
current from different targets of blank CaF2 mixed with Ag

or Nb at different weight ratios was measured. The results of these measurements are shown

in Figure 4.1. It is clear that silver was, in any case, a much better choice as binder material

than niobium, getting higher and more stable (
40
CaF3)

-
currents. Few tests were performed,

also, using copper as binder material at different weight ratios. (
40
CaF3)

-
currents were also

much lower than those obtained using silver.

From the CaF2:Ag mixes, those with weight ratios of 1:2 and 1:4 exhibited the highest and

most stable current outputs. The slight difference between both is not representative, since

only one target from each one of them was measured. These same optimal weight ratios

were found in the the 6 MV AMS system in Dresden (Germany), which uses a similar ion

1
As any ionic compound, CaF2 has electric and thermal conductivities on its solid formmuch lower than those

from metallic elements.
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source [Rugel et al., 2016].

At SARA, consequently, CaF2:Ag mixes of weight ratio 1:4 are used. This way, the optimal ion

source output is combined with a use of less CaF2 material. Interestingly, this ratio is close

to the one which was theoretically calculated (1:3.3), assuming that the ionization efficiency

depends only on the relative volume occupied by silver.

A better assessment of the ionization efficiency is performed by studying the evolution of the

(
40
CaF3)

-
current over a longer time period, as it can be seen in Figure 4.2. Integrating the

current over the time, and comparing the total number of (
40
CaF3)

-
ions produced with the

number of
40
Ca atoms in the sample, the ionization efficiency is obtained. An exponential

fitting of the final results is necessary to complete this integral to infinite. For the results on

Figure 4.2, the result of this integral, was 6.1 × 1015 (40CaF3)- ions in one of the blanks, and
7.3 × 1015 (40CaF3)- ions in the other one. Taking into account that in each cathode there is,
approximately, 1 mg of CaF2, this is, around 7.5 × 1018 40Ca atoms, the ionization efficiency
is very close to 0.1%.

Figure 4.1: (
40
CaF3)

-
current output from the SO-110B ion source at SARA for different blank targets

mixed with silver or niobium at different weight ratios.
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Figure 4.2: (
40
CaF3)

-
current from 2 different blank samples over a long time range.

4.2 He stripper performance

As well as the ionization efficiency, the stripper transmission is other parameter related to the

final counting efficiency which can importantly change. The other two parameters involved

(optical transmission and detection efficiency) are typically higher than 80%, at SARA, for

every radionuclide. The He stripper performance for the most populated charge states, 2+

and 3+, are presented in this section.

4.2.1 2+ state

When the charge state 2+ is used, a relatively high molecular background is expected when

low stripper pressures are used, and it is necessary to make sure that this interference is de-

stroyed in the stripping process. Consequently, the dependence on the stripper gas pressure

of both the transmission and the blank
41
M/
40
Ca
2
ratio must be studied.

These dependences for the He stripper, at a terminal voltage of ∼950 kV (stripping energy of
∼400 keV), are presented in Figure 4.3. As it can be seen, the highest (40CaF3)-→ 40

Ca
2+
trans-

2
Here,

41
M denotes not only

41
K and

41
Ca ions, but also molecular ions with a mass of 41 u. These ratios are

those directly given by the measurement software, so no correction is applied.
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mission, around 45%, is found for He pressures in the 0.01-0.015 mbar range. On the other

hand, molecular background is still not totally destroyed when those pressures are used, with

blank
41
M/
40
Ca ratios in the 10

-10
range. For a He pressure of 0.03 mbar, transmission is still

higher than 40%, and the total destruction of the molecular background is achieved, since

the blank
41
M/
40
Ca ratio is equivalent to that for higher stripper pressures. Therefore, a He

gas pressure of 0.03 mbar is used during the
41
Ca measurements at SARA. The transmission

for the 2+ state is almost 2 times higher than the one achieved at the same energy using Ar

as stripping gas, which is 23% [Heinemeier et al., 2015].

The curve used to fit the dependence of the
40
Ca
2+
transmission T2+ on the Hemass thickness

ρA was

T2+(ρA) = Φ2+[1− e−Σp·ρA ]︸ ︷︷ ︸
Production

(1− Σm · ρA)︸ ︷︷ ︸
Optical losses

, (4.2)

where Φ2+ is the charge state fraction of the state 2+ for calcium in helium at that strip-

ping energy, Σp is a theoretical cross section for (
40
CaF3)

-
stripping in helium gas, and Σm a

Figure 4.3:
40
Ca
2+
transmission and

41
M/

40
Ca background as functions of the He stripper pressure at

SARA. As it was stated in chapter 2, the mass thickness is calculated assumming that the gas pressure

in the stripper tube follows a triangular distribution.
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theoretical optical loss cross section [Jacob et al., 2000].

The production term of the fitting curve is obtained assuming that, after each mass thickness

differential dρA, a differential of (
40
CaF3)

-
ions −dN− = ΣpN−dρA are ”stripped”, producing a

differential of
40
Ca
q
ions dNq = ΦqΣpN−dρA, this is,

dNq

dρA
= ΦqΣpN−(ρA) : N−(ρA) = N0

−e
−Σp·ρA . (4.3)

In this case,N0
− would be the number of (

40
CaF3)

-
ions entering the stripper. The transmission

of the charge state 2+ after a mass thickness ρA, not taking into account optical losses, would

be then the
N2+(ρA)
N0
−

ratio, which would be equal to the production term of Equation 4.2.

The optical losses have been assumed to be directly proportional to the mass thickness, as

it was observed in simulations by Jacob et al. [2000]. A different possibility would be as-

suming that those losses also depend on the number of ions, so dNq = −ΣmNqdρA. Conse-

quently, that term would be e−Σm·ρA . The linear term was used, instead of the exponential

one, because of the better adjustment to the results. Nevertheless, the linear term is just the

approximation of the exponential one for low mass thicknesses.

In both cases, only those results where the mass thickness was above 0.015 µg·cm
-2
were

used during the fit. The reason is that the assumption of a triangular distribution of the He

stripper pressure is not trustworthy at low pressures. For those data, the R2
value of the fit

was 0.992.

According to the fit, the charge state fraction of the 2+ state in He at ∼400 keV is 55%, which
means an optical loss of around a 25% of the

40
Ca
2+
ions produced for the stripper gas pres-

sure used in measurements.

4.2.2 3+ state

Figure 4.4 shows the relationship between stripper transmission and He mass thickness at

SARA for the charge state 3+. Maximum transmissions around 20% are found for a He pres-

sure in the range of 0.015-0.020 mbar. Klein et al. [2013] reports half that transmission, 11%,

using Ar as stripping gas at the same energy. The charge state fraction calculated from the fit

of this curve, equivalent to the one used for state 2+, is 30%.

Some presence of molecular background in charge state 3+ is typically observed in AMS

measurements of actinides and
129
I [Gómez-Guzmán et al., 2012; Vockenhuber et al., 2013;

Chamizo and López-Lora, in press]. Nevertheless, for an ion as light as
41
Ca
2+
, the electro-
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static repulsion on molecular ions with the same mass and charge state 3+ would be more

important. Tests with this charge state at SARA support this idea, with no changes in the

41
M/
40
Ca ratios from blanks when the stripper pressure is decreased, even at 0.005 mbar.

Figure 4.4:
40
Ca
3+
transmission as a function of the He stripper pressure at SARA.

4.2.3 Charge state distribution

Besides 2+ and 3+, the transmission of the charge state 4+ was measured for a stripper

pressure of 0.015 mbar. As expected, this transmission was very low, close to 2%. Assuming

similar optical losses as those found for the other charge states, a charge state fraction of

around 2.5% is found. The charge state fractions compared to those at TANDY, are presented

in Figure 4.5 (the fraction for the 4+ state here was assumed to be 0).

The Gaussian fit of these results gives mean charge states of 2.0 at 225 keV and 2.2 at 400 keV.

The fit also predicts, in both cases, that the production of neutral species in the stripping with

helium can be neglected. The application of this fit to the transmission results reported with

argon suggest a much lower mean charge state of 1.4 at 400 keV [Stocker et al., 2004]. The
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higher mean charge state with He as stripping gas for low energies agrees with which has

been observed in uranium [Wittkower and Betz, 1973]. On the other hand, semi-empirical

formulas applied to higher energies, like the one from Schiwietz and Grande [2001]
3
, predict

the opposite: that, at large facilities, these mean charge states would be higher using Ar as

stripping gas than using He. Therefore, it is clear that Schiwietz-Grande formula cannot be

applied at low energies: for
40
Ca with an energy of 400 keV, the mean charge state according

to this formula would be 0.9, less than the half of the one we calculate. Therefore, the mea-

surements of this kind of parameters are truly important in order to provide data about the

stripping process at low energies.

Figure 4.5: Charge state distribution for the (
40
CaF3)

- → 40
Ca
q
stripping process in He at 225 keV and

400 keV. The charge state fraction of the 4+ state was supposed to be 0 at TANDY.

4.3
40
Ca current measurement with the FC3 and

41
Ca detection

with the compact GIC

A special feature of the
41
Ca measurements at SARA is that the measurement of the

40
Ca

current with the FC3 cannot be performed when the accelerator terminal voltage is the same

3
This formula can only be applied to

40
Ca with energies ≥800 keV.
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which is used when the

41
Ca is being detected with the GIC. The reason is the geometry of

this FC. As it can be seen in Figure 4.6, the hole for
129
I measurements involves that, when

the terminal voltage is tuned to detect
41
Ca in the GIC, part of the FC measuring

40
Ca current

would block the way of
41
Ca ions to the ESA. Fortunately, this feature is no problem, since

the FC can be placed where
40
Ca is deviated when

39
K is being detected. This way,

40
Ca

current is measured during
39
K sequences, instead of during

41
Ca sequences. In order to get

the
41
Ca/

40
Ca ratios for each sequence, the

40
Ca current is supposed to be the average from

those measured just before and just after that sequence.

As expected, the
41
Ca ΔE-Eres spectrum at the GIC when the 2+ state is selected in the HE side

is very similar to the one at TANDY for the same charge state [Vockenhuber et al., 2015] being

82
Se
4+
the only other ion reaching the detector. Figure 4.7 shows how, when the isobutane

pressure is low enough to let the
41
Ca ions reach the second anode, the

82
Se
4+
ions lose

only a part of its kinetic energy in the gas, matching up with the spectrum predicted by SRIM

simulations. Both signals can still be distinguished in the spectrum, but there exists a remote

possibility of some
82
Se ions interfering with the

41
Ca signal.

Nevertheless, since at these energies the signals from
41
K and

41
Ca cannot be distinguished,

there is no advantage in using this ΔE-Eres spectrum. In order to have a
82
Se
4+
peak with

well-defined energy, the gas pressure inside the GIC can be increased so that both ions are

stopped before reaching the second anode. This way, the signal from the first anode would be

directly related to the total energy with which these ions reach the detector. As it is shown in

Figure 4.7, with this configuration, the
82
Se
4+
peak presents a well-defined deposited energy

of 2 times the energy of
41
Ca
2+
, as expected. This configuration is, therefore, the one used

(a)
129
I (b)

41
Ca (c)

39
K

Figure 4.6: Relative position of the FC3 depending on the isotope whose current is measured and the

radionuclide which is tuned to cross to the ESA.
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during routine
41
Ca measurements at SARA.

The
41
Ca ΔE-Eres spectrum when the 3+ state is used (see Figure 4.8) does not present many

of the peaks which can be seen at TANDY for that charge state, where ions with different
M
q

ratio reach the detector because of the worse optical transport through the HE sprectometer.

At SARA, only
82
Se
6+
ions reach the detector with

41
Ca, as it happens when the state 2+ is

used. The relative production of
82
Se
6+
ions is much lower in this case, presumably because

of a much lower stripper transmission for such a high charge state.

The integer
M
q ratio of the

39
K
3+
ion implies the detection of several other ion species, being

the most important of them
13
C
+
,
26
Mg

2+
and, when copper target holders are used,

65
Cu
5+
.

13
C
+
rates when sputtering a blank sample in copper targets are in the 1000-2000 s

-1
range;

(a) Experimental ΔE-Eres (b) Simulated ΔE-Eres

(c) Experimental total E

Figure 4.7: Experimental a simulated spectra for
41
Ca
2+
and

82
Se
4+
ions reaching the compact GIC at

SARA. In the experimental ΔE-Eres spectrum, the dashed lines represents the average energy deposited

by the
41
Ca ions, and twice that energy. In the In the SRIM simulation, each dot represents a single

ion.
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this is several orders of magnitude below the
13
C
+
found when trying to detect

26
Al
2+
[Müller

et al., 2015]. This is not totally unexpected, since the formation of negative ions where
13
C is

present and with a mass of 96 u, when injecting (
39
KF3)

-
, should not be as important as the

formation of (
13
C2)

-
and (

12
C
13
CH)

-
clusters, when injecting

26
Al
-
.
13
C
+
and

26
Mg

2+
when Al

target holders were used were much higher, leading to important pile-up interfering with
39
K

counting region.

The relationship between the total
41
M rate and the compact GIC efficiency has also been

studied for charge state 2+, in order to provide a reliable maximum rate for the data analysis

(see chapter 3). This was done by connecting a pulse generator to the detector, and com-

paring the measured rate from this pulse with its nominal value, previously measured with

an osciloscope. Figure 4.9 shows that, for
41
M rates lower than 1000 s

-1
, the efficiency keeps

higher than 90%. For higher rates, efficiency becomes inversely proportional to this
41
M rate.

It is convenient setting the maximum
41
M rate in 3000-5000 s

-1
, for instance, and using the

pulse generator during the measurements to control the detector efficiency. This way, the

efficiency will stay stable and higher than 80%, but it will be possible to measure
41
Ca/

40
Ca

ratios up to 10
-8
even when the source output current is relatively high.

(a)
41
Ca (b)

39
K

Figure 4.8: Experimental spectra for
41
Ca
3+
and

39
K
3+
ions reaching the compact GIC at SARA. Different

amplifier gains were used during the adquisition of these spectra.
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Figure 4.9: Relationship between the
41
M rate reaching the compact GIC and the detector efficiency.

The
41
M rates presented have been already corrected dividing the measured rate by the efficiency.

4.4 K-correction and
41
Ca background

As it was stated in chapter 3, the sequential detection of ions of two different masses, 41

and 39 u, requires the use of different terminal and ESA potentials. At SARA, the best way to

do so is tuning, first, the voltages which would make
40
Ca ions reach the GIC, thanks to an

insertable Faraday cup which can be placed just after the ESA (FC5). This also allows a better

tuning of the other parameters, like the Q-Pole triplet voltage.

From these voltages, it is relatively easy to calculate the terminal voltage to make another ion

have the same EM product so that it is selected by the HEM. Since the energy is changed,

so has to be the ESA voltage. Table 4.1 shows typical voltages used at SARA for
41
M and

39
K,

based on the previous tuning of
40
Ca in the FC5.

One of the first studies at SARA of the relationship between the
41
M/
40
Ca and

39
K/
40
Ca ratios

in blank samples is presented in Figure 4.10. As it happened in this case, most of the
41
Ca

measurements at SARA have shown aR2
value higher than 0.9 in this linear regression, with a

K-correction factor typically between 0.065 and 0.09, this is, around the natural
41
K/
39
K ratio

(0.0721).
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The
41
Ca/

40
Ca background for the 2+ state, after applying the K-correction, is usually on the

(2-8) × 10-12 range, and only has been higher than 10-11 when samples with 41Ca/40Ca ratios
higher than 10

-8
have been measured. This background levels are similar to those found at

TANDY. Since
41
K interfence is corrected, the main cause of this background, still much higher

than those found in larger AMS facilities, would be the one produced by scattering processes

Table 4.1: Voltages at the accelerator terminal and the ESA in order to select different ions with the

HE spectrometer at SARA.

Ion
40
Ca

41
M

39
K

LE side ion mass (u) 97 98 96

Bouncer magnet voltage (V) 0 -357 364

Terminal voltage (kV) 940 915 965

2+ energy (keV) 2280 2225 2335

2+ ESA voltage (kV) 44.7 43.6 45.9

3+ energy (keV) 3220 3140 3300

3+ ESA voltage (kV) 42.1 41.1 43.2

Figure 4.10: Linear correlation between the
41
M/

40
Ca and

39
K/
40
Ca ratios in blank samples at SARA. 7

different blank samples were measured during 3 runs.
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on residual gas, apertures, etc. This effect, which is increased because of the lower energies

and the need of using higher stripper pressures to destroy the 2+ molecular background

[Suter, 1998], takes also additional importance in
41
Ca measurements because of the high

mass difference between the (
41
CaF3)

-
ion and

41
Ca. This fact makes easier the production of

ions with mass 98 u where stable isotopes of calcium with masses close to 41 u, mainly
40
Ca

and
42
Ca, are present. Theoretically, the cross section of this effect should be lower at SARA

than at TANDY, because of the higher energy. However, at TANDY, the presence at the exit

of the stripping tube of one of the pumps which recirculates the stripping gas could reduce

the presence of residual gas in the HE acceleration tube, compensating the higher scattering

cross section.

The
41
Ca/

40
Ca background for the 3+ state has not been studied yet.

4.4.1 Tests with blank urine samples: radiochemical method

One of the applications where
41
Ca backgrounds found in low-energy AMS systems allow

to perform measurements completely competitive with large facilites is the biomedical one.

For instance, administrating oral doses of
41
Ca of 100 nCi (28.23 nmol), minimum urinary

41
Ca/

40
Ca ratios

4
are in the 5-10 × 10-11 range [Denk et al., 2006, 2007]. As it was stated in

chapter 1, such a dose can be considered radiologically exempt. Even studies where
41
Ca

doses are one order of magnitude higher (and so would be
41
Ca/

40
Ca ratios) are still consid-

ered to have no radiological hazard [Weaver et al., 2009], since the dose over 50 years would

be 10 µSv
5
[ICRP, 2012].

The capabilities of the SARA system to measure this kind of samples was tested in an inter-

comparison measurement with the TANDY system (see section 4.6). These samples were sent

to the ETH LIP in CaF2 form by the NutriTrace group at the National University of Singapore.

Nevertheless, in order to be able to perform
41
Ca measurements for biomedical groups at

CNA, including the chemical preparation of the samples in our service, chemical preparation

tests with blank urine samples have been performed.

The chemical procedure was based on those presented on the bibliography [Freeman et al.,

1995; Miller et al., 2013; Jackson et al., 2013], but with two important changes: the initial

precipitation of calcium carbonate instead of calcium oxalate; and the omission of the use of

ion-exchange resins. The use of calcium carbonate avoids the presence of this salt in the final

4
Urine samples are the most common biomedical samples use to control the changes of the

41
Ca concentra-

tion in the extracellular fluids on this kind of studies.

5
The yearly background dose because of natural sources is typically higher than 1 mSv.
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CaF2 precipitate, since the carbonate ion is destroyed if the salt is dissolved in an acid
6
. The

ion-exchange step was discarded because our tests with carbonate samples did not show a

clear reduction of the final
39
K/
40
Ca ratios. The time consumption and sample loss because

of this process are, therefore, not worthy.

The steps of the first part of our chemical procedure, the calcium carbonate isolation (see

Figure 4.11), designed for 24 h samples and tested with 1 l collections from volunteers
7
, are:

1. Addition, per 100 ml urine, of 5 ml of concentrated HCl and settling of the solution for

1 h.

2. Decanting of the supernatant in a 2 l (or larger) beaker and addition of concentrated

NH3 until pH=11.

3. Addition, per 100 ml urine, of 10 ml Na2CO3 solution (0.4 g/ml), heated until it almost

boils.

4. Settling of the beaker overnight with some inclination. It is also possible to let the

beaker upright, but heating without boiling to take advantage of the indirect relation-

ship between temperature and the solubility of calcium carbonate
8
.

5. Discarding of most of the supernatant and transfer of the rest, together with the pre-

cipitate, to 50 ml centrifuge tubes.

6. Centrifugation and discarding of the supernatant. Transfer precipitates to an unique

50 ml centrifuge tube per sample.

Figure 4.11: Scheme of the calcium isolation method for urine samples.

6
(CO3)

2-
+ 2 H

+ −→ CO2 + H2O
7
Since these volunteers were not dosed with

41
Ca these samples are considered blanks.

8
This also avoids the presence of other calcium salts since, unlike calcium carbonate, most of the compounds

present a direct relationship between temperature and solubility.
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7. Washing with 20ml saturated Na2CO3 solution (0.2 g/ml). Centrifugation and discarding

of the supernatant. This step should be performed twice.

8. Washing with 20 ml Na2CO3 solution (0.02 g/ml). Centrifugation and discarding of the

supernatant. This step should be performed twice.

9. Washing with 20 ml of MilliQ water. Centrifugation and discarding of the supernatant.

10. Dissolving of the precipitate with 5 ml of concentrated HCl.

11. Addition of concentrated NH3 until pH=9.

12. Centrifugation and discarding of the precipitate (mostly magnesium hydroxide).

13. Addition of some drops of concentrated Na2CO3 solution (0.2 g/ml).

14. Centrifugation and discarding of the supernatant.

15. Washing with acetone.

16. Centrifugation and discarding of the supernatant.

17. Drying at 70 ºC for 1 h.

The CaF2 precipitation part is a muchmore simple procedure. The carbonate is dissolved with

1 M HCl, and just some drops of concentrated HF are necessary to precipitate the calcium

fluoride. After centrifuging and discarding the supernatant, the precipitate is washed with

MilliQ water. Then, the centrifugation and discarding of the supernatant is repeated. The

final precipitate is dried at 105 ºC overnight.

K-corrected
41
Ca/

40
Ca ratios from these blank urine samples was equivalent to those found in

our typical blank samples, around 5 × 10-12. This agrees with the fact that, in large facilities
where background levels are in the 10

-15
-10

-14
, the

41
Ca/

40
Ca ratio from processed urine

blanks is typically lower than 5 × 10-13 [Jackson et al., 2013], one order of magnitude lower
than our background values.

During this thesis, we have been in contact with several biomedical groups from different

universities in Spain in order to perform these kind of
41
Ca measurements. Unfortunately,

these contacts were not successful. Nevertheless, our system is totally capable of performing

the measurements in the case that any group is interested in the future.
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4.5 Measurement of the HE side optical transmission with stan-

dard samples

The presence of a quadrupole triplet at the exit of the 1 MV tandetron allows an optimal

optical focusing no matter the effective charge state q∗ ≡ M0
M q of the ions (see chapter 2).

This is one of the most important differences of SARA with the TANDY system at ETH LIP for

41
Ca AMS. The non-optimal optical behaviour of

41
Ca through the HE side spectrometer at

TANDY implies optical losses of, at least, 15% for the charge state 2+, and 33% for the charge

state 3+ [Christl et al., 2013; Vockenhuber et al., 2015].

At SARA, therefore, there should exist an improvement on this transmission relative to the

one at TANDY, and no such a dependency on the charge state. An approximation to this

optical transmission can be obtained by checking the measured
41
Ca/

40
Ca ratios from the

standard samples, provided that the detector efficiency is corrected. At SARA, this study has

only been performed, yet, with the 2+ state.

The AE701 standards from the Institute for Reference Materials and Measurements (IRMM)

of the European Commission’s Joint Research Centre [Hennessy et al., 2005] have been used

for standard correction in
41
Ca measurements at SARA during this thesis. Minimum mea-

sured/nominal
41
Ca/

40
Ca ratios higher than 80%were typically consequence of slight changes

in the terminal voltages, while the optimal conditions lead to measured/nominal relationship

even higher than 99%. Taking, for instance, all the
41
Ca measurements performed during the

year 2017, the average of this measured/nominal factor is (93.8 ± 5.5)%, using the standard
deviation as uncertainty.

Table 4.2 shows an example of the blank corrected
41
Ca/

40
Ca ratios from each of the 3 stan-

dards used during one of our
41
Ca measurements at SARA; this is, the

41
Ca/

40
Ca ratios calcu-

lated in order to perform the standard correction (see chapter 3) During this measurement,

2 cathodes from each standard material were measured.

The optical transmission for the 3+ state has not been studied yet.

Table 4.2: Blank corrected
41
Ca/

40
Ca ratios of the standard samples used in one of the

41
Ca measure-

ments at SARA using the 2+ state.

Standard Nominal
41
Ca/

40
Ca Measured

41
Ca/

40
Ca Measured/nominal (%)

AE701/3 (1.0181 ± 0.0069) × 10-8 (0.988 ± 0.019) × 10-8 97.0 ± 2.0
AE701/4 (1.0479 ± 0.0071) × 10-9 (1.029 ± 0.049) × 10-9 98.2 ± 4.8
AE701/5 (1.0520 ± 0.0071) × 10-10 (1.000 ± 0.013) × 10-10 95.1 ± 1.5
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4.6 Comparison measurements with TANDY

4.6.1 Performance parameters

Table 4.3 presents the perfomance parameters from both systems for
41
Ca AMS. Using the

charge state 2+, the lower stripper transmission at SARA is compensated by the higher optical

transmission through the HE side spectrometer. Taking into account the similar background

levels, the most significant difference in the performance of
41
Ca measurements between

both systems relies in the (
40
CaF3)

-
current output form the ion source. In any case, the

capabilities of SARA for
41
Ca measurements are totally equivalent to those of TANDY.

The
41
Ca/

40
Ca background when the 3+ state is used has not been studied yet. The optical

transmission through the HE spectrometer should be similar to the one of 2+ state. This is

caused by the presence of the Q-Pole triplet at the exit of the accelerator which eliminates

the dependency of the object point of the HE spectrometer on the charge state. At TANDY,

where the 3+ optical transmission does not reach the 66% and the stripper transmission is

much lower (15%) than the transmission for state 2+ (50%) [Christl et al., 2013; Vockenhuber

et al., 2015], the use of this charge state would mean a reduction of the overall efficiency of a

factor 4 in comparison with the state 2+.

Table 4.3: Comparison of the
41
Ca performance parameters at SARA and TANDY. Data from TANDY are

gathered from Vockenhuber et al. [2015] and the measurements performed during the stay of four

months at ETH LIP.

Facility SARA TANDY

(
40
CaF3)

-
current (nA) 50-150 100-200

HE side charge state 2+ 3+ 2+

He stripper transmission 40 20 50

HE side optical transmission 90-100 — 80-85

41
Ca/

40
Ca background (× 10-12) 2-8 — 2-8

4.6.2 Measurement of ETH in-house standards

One of the measurements performed at SARA to compare its performance with taht at TANDY

was carried out with two of the ETH in-house
41
Ca standards: B8 and B10. Additional informa-

tion about these standards is presented in Christl et al. [2013] and Vockenhuber et al. [2015].

The samples were received already mixed with silver in a CaF2:Ag weight ratio of 1:10, so the

ion source output was not optimal. The measurements were performed using the IRMM ref-
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erence materials AE701/3, AE701/4 and AE701/5 (see section 4.5) for the standard correction,

and performing all the analysis and corrections as for samples of unknown
41
Ca/

40
Ca ratios

(K-correction, blank correction...).

From each one of these standards, 3 cathodes were pressed and measured at SARA. For

one of the cathodes from the B10 standard no run passed two of the discard criteria used:

the minimum
40
Ca current and the maximum

39
K/
40
Ca ratio. The results from the rest of

the cathodes, shown in Table 4.4, did not differ from the nominal value more than a 5.5%.

However, these results at SARA are systematically higher than the nominal values, obtained

from different measurements performed with both, TANDY and the 6 MV tandem at ETH
9
.

4.6.3 Intercomparison with biomedical samples

As it was stated in chapter 1, the most important
41
Ca application nowadays is its use as a

tracer of the calcium metabolism.
41
Ca doses well below exemption levels, administred ei-

ther orally or by intravenous route, are enough to produce
41
Ca/

40
Ca ratios in different body

fluids which can be measured by AMS. Most of the studies with human subjects nowadays

use the urinary
41
Ca/

40
Ca ratio in order to measure changes in

41
Ca concentration in the ex-

tracellular fluids (ECF), since total calcium concentration is constant in these fluids, and they

have the same
41
Ca/

40
Ca ratio as the urine. Since

41
Ca is first incorporated by the ECF, initial

urinary
41
Ca/

40
Ca ratio is relatively high. The incorporation of this

41
Ca to the bone produces

a decrease of the urinary
41
Ca/

40
Ca ratio until it reaches an equilibrium in the

41
Ca exchange

between the ECF and the bone (with a slow decrease because of the excretion), and different

interventions against calcium resorption can then be tested. If those interventions are suc-

cesful, the urinary
41
Ca/

40
Ca ratio decreases significantly because of the

41
Ca absorption by

the bone. Denk et al. [2006] present the experimental data when oral
41
Ca doses of 3700 Bq

are administrated to different subjects. Initial urinary
41
Ca/

40
Ca ratios are close to 10

-7
, while

Table 4.4: Measurement of the ETH in-house
41
Ca standards B10 and B8 at SARA.

ETH standard Nominal
41
Ca/

40
Ca Cathode

41
Ca/

40
Ca at SARA

B10 (4.200 ± 0.042) × 10-10
ETH-B10a

ETH-B10c

(4.20 ± 0.33) × 10-10

(4.43 ± 0.23) × 10-10

B8 (4.000 ± 0.040) × 10-8
ETH-B8a

ETH-B8b

ETH-B8c

(4.06 ± 0.18) × 10-8

(4.06 ± 0.18) × 10-8

(4.17 ± 0.20) × 10-8

9
The measurements at the 6 MV tandem were performed using calcium hydride instead of fluoride.
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equilibrium levels are in the 10
-10
level.

One of the main goals during the stay at ETH LIP was the collaboration with the group in the

41
Ca measurements which they perform for the NutriTrace group at the National University

of Singapore (NUS). A total of 111 samples were measured at TANDY. The urine samples,

collected from 10 different subjects at different days after the
41
Ca oral administration, were

chemically treated at NUS and sent to Zurich in CaF2 form.

40 samples from 7 subjects were chosen to be measured also at SARA. While, at TANDY, the

ETH in-house standards B9, B10 and B11
10
were used for the standard corrections, at SARA,

we used the IRMM standards AE701/3, AE701/4 and AE701/5. At both systems, the data

analysis was equivalent, following the procedure described in chapter 3. 6 samples could not

be measured, since they did not pass the discard criteria; in most of the cases, that was due

to high
39
K/
40
Ca ratios. The results for the rest of the samples, compared to the results at

TANDY, are presented in Figure 4.12. Results at SARA are higher by a 7%, which is consistent

with the different standards used in both labs, since, as it was shown in previous subsection,

the
41
Ca/

40
Ca ratios from the ETH standards, measured at SARA, are also higher than the

nominal values reported by the ETH LIP.

The figures presented in next pages show these results as a function of the time after the
41
Ca

administration, including, also, the measurements at TANDY from those samples which were

not measured at SARA. It can be seen that this little difference is not enough to make our

results not fitting with the tendency. This is a clear indication of the suitability of the SARA

system to perform
41
Ca measurements for biomedical applications. These figures clearly

present the decrease on the
41
Ca/

40
Ca ratio due to the

41
Ca incorporation to the bone.

10
The respective nominal

41
Ca/

40
Ca ratios from these standards are (4.119 ± 0.041) × 10

-9
,

(4.200 ± 0.042) × 10-10 and (4.160 ± 0.042) × 10-11 [Christl et al., 2013].
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Figure 4.12: Comparison of the
41
Ca/

40
Ca ratios from the biomedical samples at TANDY and SARA.
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Figure 4.13: Temporal evolution of the urinary
41
Ca/

40
Ca ratio in subject 4, including measurements

at TANDY and SARA.
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Figure 4.14: Temporal evolution of the urinary
41
Ca/

40
Ca ratio in subject 5, including measurements

at TANDY and SARA.
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Figure 4.15: Temporal evolution of the urinary
41
Ca/

40
Ca ratio in subject 6, including measurements

at TANDY and SARA.
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Figure 4.16: Temporal evolution of the urinary
41
Ca/

40
Ca ratio in subject 7, including measurements

at TANDY and SARA.
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Figure 4.17: Temporal evolution of the urinary
41
Ca/

40
Ca ratio in subject 8, including measurements

at TANDY and SARA.

86



4.6. COMPARISON MEASUREMENTS WITH TANDY

Figure 4.18: Temporal evolution of the urinary
41
Ca/

40
Ca ratio in subject 9, including measurements

at TANDY and SARA.
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Figure 4.19: Temporal evolution of the urinary
41
Ca/

40
Ca ratio in subject 10, including measurements

at TANDY and SARA.

88



Chapter 5

41
Ca measurement in concrete

samples from the bioshield of a

nuclear power plant

Previous chapters are dedicated to the technical aspects of the
41
Ca AMS measurements.

This last chapter is dedicated to the first application performed at CNA Seville of the
41
Ca

measurements: the characterization of concrete samples from the bioshield of a NPP for the

Spanish radioactive waste management agency, ENRESA.

The direct relationship between the
41
Ca/

40
Ca ratio in the concrete bioshield and the thermal

neutron fluence is explained in section 5.1. Most of the information from this section is based

on Chapter 3 of Lewis [2008].

The samples had to be chemically treated in order to have the CaF2 to be measured by AMS.

The chemical method developed for that, and applied to all the samples measured, is detailed

in section 5.2.

The final description of the samples and the results obtained are shown in section 5.3.

5.1 Production of
41
Ca in the concrete bioshield of nuclear reac-

tors

41
Ca is produced in the concrete bioshield of nuclear reactors by the neutron activation of its

stable isotope,
40
Ca. The energy spectrum from these neutrons reaching the shield presents
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two main groups:

• Fast neutrons (energies in the 1 MeV range) produced after the fission processes which

escape the reactor vessel before being thermalized by the reactor moderator.

• Thermal neutrons (energiesmuch lower than 1 eV) from themoderation of the neutrons

produced in the fission which escape the reactor vessel before either producing a new

fission reaction, or being absorbed by another material within the vessel (control rods,

walls, etc.).

Nevertheless, the production of
41
Ca by fast neutron capture can be disregarded since, as it

can be seen in Figure 5.1, the cross section of the
40
Ca(n,γ) reaction is around 2 orders of

magnitude lower for these neutrons than for thermal energies. In fact, the main contribution

of fast neutrons to the production of
41
Ca would come from its moderation in the concrete

material itself, due to the elastic scattering processes with the hydrogen present on it. This

way, it can be supposed that
41
Ca is entirely produced by the thermal neutron capture of

40
Ca,

being these either original thermal neutrons reaching the shield, or fast neutrons which have

been thermalized by the material. The elastic scattering not only thermalize the neutrons to

room temperature, but also causes a diffusion of the thermal neutrons.

Figure 5.1:
40
Ca neutron capture cross section and thermal neutron energy distribution. Cross section

data from IAEA [n.d.].
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The
41
Ca/

40
Ca ratio in any location of the shield, therefore, would be

41Ca/40Ca =

∫ ∞
0

σ(E)
dΦ(E)

dE
dE, (5.1)

where σ(E) is the 40Ca(n,γ) cross section as a function of the energy, and
dΦ(E)

dE
is the en-

ergy distribution of the neutron fluence. The energy distribution of thermal neutrons can be

considered to be Maxwellian, this is,

dΦ(E)

dE
= Φth

E

(kT )2
e−

E
kT , (5.2)

being Φth the total thermal neutron fluence, k the Boltzmann constant, and T the temper-

ature of the medium where the neutrons have been thermalized. In pressurized water re-

actors (PWR), for instance, the water moderator is typically at a temperature around 600 K.

However, these neutrons are easily thermalized again to room temperature (∼300 K) when
they reach the concrete shield, mainly because of the hydrogen content on it

1
. Therefore, in

this area it can be considered that kT = 0.0253 eV.

At thermal energies, neutron absoption cross sections are inversely proportional to the ve-

locity of the neutrons. Typically, the cross section for neutrons with an energy E0 = 0.0253 eV

is reported in the bibliography, which is called ”thermal neutron capture cross section”;

for instance, Cranston and White [1971] report a thermal neutron capture cross section of

400 ± 40 mb for 40Ca. Consequently, the neutron capture cross section for other energy in
the thermal range is

σ(E) = σ(E0)

√
E0

E
. (5.3)

Therefore, the
41
Ca/

40
Ca ratio produced by a thermal neutron fluence Φth would be

41Ca/40Ca = Φth · σ(E0) · 1

(kT )2

∫ ∞
0

√
E0

E
Ee−

E
kT dE =

= Φth · σ(E0) ·
√
E0

kT

∫ ∞
0

√
te−tdt =

√
π

2

√
E0

kT
σ(E0)Φth.

(5.4)

Defining the thermal average cross section as

σ̄(T ) ≡
√
π

2

√
E0

kT
σ(E0), (5.5)

1
Neutron energy loss is more important when the scattering process takes place with light nuclei.
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the total thermal neutron fluence in a location is then directly related to the measured

41
Ca/

40
Ca there, being

Φth =
41Ca/40Ca

σ̄(T )
. (5.6)

In concrete, where neutrons are thermalized to room temperature kT = E0, the thermal

average cross section would be σ̄ =

√
π

2
σ(E0). For the 40Ca(n,γ) reaction, this cross section

would be, therefore, 354 ± 35 mb = (3.54 ± 0.35) × 10-25 cm2.

Note that, since production of
41
Ca is directly proportional to

40
Ca content, the

41
Ca/

40
Ca

ratio is independent on the calcium concentration in the material. The only other important

factor related to this ratio, besides the thermal neutron fluence, is the temperature to which

these neutrons are thermalized.

The regions of maximum neutron flux in bioshields from commercial nuclear reactors can

suffer thermal neutron fluences close to 10
19
cm

-2
. This would produce

41
Ca/

40
Ca ratios

higher than 3.5 × 10-6.

In order to calculate the
41
Ca specific activity

2
from

41
Ca/

40
Ca measurements, it is necessary

to know the calcium concentration in the concrete, which can strongly vary from one type of

concrete to another.

The
41
Ca/

40
Ca ratio can be used, also, to calculate atom ratios from other radionuclides pro-

duced by neutron capture. For instance, the
36
Cl/
35
Cl ratio in the same location would be

36Cl/35Cl =
σ[E0,

35Cl(n, γ)]

σ[E0, 40Ca(n, γ)]
41Ca/40Ca, (5.7)

independently of the temperature, in this case, since the same factor would correct both the

thermal neutron capture cross sections of
35
Cl and

40
Ca.

5.2 Radiochemical treatment of concrete samples for
41
Ca AMS

measurements

Our chemical method to treat the concrete is, in some aspects, based on those methods used

for
41
Ca LSC or intercomparisons between this technique and AMS [Hampe et al., 2013; Hou,

2005; Warwick et al., 2009]. Nevertheless, many steps which are not necessary for
41
Ca AMS

2
The

41
Ca specific activity in any material is defined as the

41
Ca activity per material mass unit.
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have been eliminated, and some steps which improve the potassium suppression have been

added. The method, as the one described for urine samples in chapter 4, is divided in two

parts: the calcium isolation as calcium carbonate, and the calcium fluoride precipitation. A

simple scheme of the calcium isolation process is presented in Figure 5.2.

Each sample is first digested in 20 ml of aqua regia during 2 hours. Typically, between 100

and 500 mg of each sample is used. The amount depends on the aspect of the sample:

• When most of it has a pale color and is easily ground, most of the sample comes from

the binder, which is strongly dissolved by acid digestion, so less amount of concrete

sample is needed.

• When the sample includes hard and dark aggregates, which are typically silicates which

are not dissolved by aqua regia, a relatively large amount of sample, between 300 and

500 mg, is treated.

The
41
Ca/

40
Ca ratio does not depend on the chemical form in which the calcium is found.

Consequently, the fact that the acid digestion does not dissolve part of the calcium on the

sample, like that calcium present in silicates, has no huge relevance. In Figure 5.3 the differ-

ence between how the acid digestion attacks the sample depending on the aggregate/binder

relationship can be observed. In one of the 2 samples, it can be observed how an aggregate is

not affected by the acid digestion. This step eliminates most of the Si present in the sample.

The acid solution is centrifuged, discarding the precipitate. 20 ml of concentrated NH3 is

added to the supernatant in order to precipitate hydroxides from other elements present in

concrete, like iron or magnesium. If necessary, more concentrated NH3 is added until pH is

between 9 and 11. The solution is centrifuged again, discarding the precipitate.

Figure 5.2: Scheme of the calcium isolation process for concrete samples.
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The addition of 10 M NaOH until pH=14 causes the precipitation of Ca(OH)2 while hydroxides

from strontium and alkali elements, like potassium, stay in the solution. This precipitation,

therefore, adds another potassium reduction to those caused by the calcium carbonate and

calcium fluoride precipitations that take place later. After centrifugation and discarding of

the supernatant, the Ca(OH)2 precipitate is dissolved with a few drops of concentrated HNO3.

In order to precipitate the calcium carbonate, the pH is raised to 9-11 with concentrated

NH3, and a few drops of 1 M Na2CO3 are added. After centrifugation and discarding of the

supernatant, the precipitate is washed with 10 ml of MilliQ water, and centrifuged, agian,

discarding the supernatant. This step is repeated again using acetone, instead of water. The

final CaCO3 precipitate is dried at 70 ºC in order to get rid of the remaining acetone, and then,

stored.

The calcium fluoride precipitation process depend on the expected
41
Ca/

40
Ca ratio. For many

of the samples from NPP bioshields,
41
Ca/

40
Ca ratios are expected to be one or two orders

of magnitude higher than 10
-8
. For these ratios, AMS measurements become problematic

because of both: the cross talk in the ion source between these samples and those with

lower
41
Ca/

40
Ca ratios, and the high

41
Ca rates expected on the detector. Because of this, a

dilution of that ratio with
41
Ca-free calcium carrier is required.

(a) Before digestion (b) After digestion

Figure 5.3: Effect of the acid digestion of concrete sample depending on the presence of aggregates.
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In these cases, an aliquot of 10 mg from the carbonate precipitate is dissolved in 10 ml

concentrated HNO3, and 1ml of the solution is taken to bemeasured by ICP-MS
3
. Commercial

calcium carbonate is added to the rest of the solution until the expected
41
Ca/

40
Ca ratio

is within the 10
-10
-10

-8
range. For instance, if the expected

41
Ca/

40
Ca ratio is 10

-7
, around

1000 mg of
41
Ca-free carbonate is added.

In the rest of the cases, an aliquot of 50 mg from the carbonate precipitate is dissolved with

5 ml HNO3 diluted to 5%.

The storage of the calcium carbonate allows the change in
41
Ca/

40
Ca dilution factor in the

event of measure very high or very low
41
Ca/

40
Ca ratios in the first measurement attempt.

In both cases, adding a few drops of concentrated HF initiates the precipitation of CaF2. The

sample is set overnight, and then centrifuged, discarding the supernatant. The precipitate

is washed with MilliQ water, centrifugated discarding the supernatant, and dried at 105 ºC

during 24 h.

All the measurements shown in section 5.3 have been performed with samples treated with

this method. In all these measurements,
40
Ca currents and

39
K/
40
Ca ratios from the samples

were totally equivalent to those from standards and blanks, even when ICP-MS measure-

ments from the carbonates show that the purity from these is typically in the 50-75% range.

5.3 Measurements of
41
Ca in the bioshield of the José Cabrera

Nuclear Power Plant

5.3.1 The José Cabrera Power Plant: description of the samples

José Cabrera Power Plant, located in Almonacid de Zorita, was the first NPP in Spain. It started

its operation in 1969, and operated with a 150 MW PWR, designed by Westinghouse®, until

2006 [CSN, n.d.]. According to the operating company, themaximum thermal neutron fluence

on the bioshield is 7.4 × 1018 cm-2, which means a maximum 41
Ca/

40
Ca ratio of 2.6 × 10-6.

The calcium content of some samples from the outer parts of the bioshield, together with

the content of other elements, was measured by PIXE
4
. The results prove the high hetero-

geneity of the concrete material, since Ca concentrations reach levels from 20% to 40%. Nev-

ertheless, most of the samples showed Ca concentrations between 25% and 35%. For the

3
This measurements are performed by the radioisotope service at CITIUS.

4
This measurements were performed by the Ion Beam Analysis and Modification of Materials Research Unit

at CNA.

95



CHAPTER 5. 41CA MEASUREMENT IN CONCRETE SAMPLES FROM THE BIOSHIELD OF ANUCLEAR POWER PLANT

calculations of the
41
Ca specific activity, therefore, a Ca concentration of (30 ± 5)% is used.

According to this, a sample with a
41
Ca/

40
Ca ratio is 10

-9
would have a

41
Ca specific activity of

1 Bq/g, and maximum
41
Ca specific activities of 2500 Bq/g are expected.

The exemption limit established by the IAEA is 10
5
Bq/g [IAEA, 2012], which is well above

these maximum expected
41
Ca specific activities. However, in some countries, other more

restrictive limits are established, for instance, for the free release of residues from NPPs.

Taking Germany as an example, this limit for
41
Ca in solid or liquid waste is 20 Bq/g [BMJV,

n.d.], which is below the maximum expected
41
Ca specific activities. On the other hand, in

Spain, these further limitations do not exist, and the same exemption limits established by

the IAEA are used [CSN, 2003]. Nevertheless,
41
Ca/

40
Ca results, as direct measurements of

the thermal neutron fluence, are extremely useful to the estimation of the inventories of

other radionuclides. Furthermore, together with the test of the mechanical properties of the

concrete blocks, these measurements contribute to the study of the relationship between the

neutron fluence suffered by concrete and the deterioration of these mechanical properties.

The samples were extracted and sent to the CNA by ENRESA. The reactor vessel from José

Cabrera was segmented and removed between 2014 and 2015 [ENRESA, n.d.]. Afterward, in

2016, the area of the bioshield closer to the vessel was segmented in 8 different blocks (see

Figure 5.4) and removed.

4 drill cores were extracted from each of the blocks 1-6 (see Figure 5.5): one in the maximum

Figure 5.4: Scheme of the segmentation of the bioshield of José Cabrera and 3D picture of the shape

from each block.
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neutron fluence point (CDC), two at both sides at 30 cm in the vertical plane (C1 and D1), and

one at 30 cm in the horizontal plane (CDL). 5 samples were taken from each of these 108 cm

long drill cores, with a separation of 27 cm between each sample and the next.

After the drill core extraction, each block was segmented in 5 different sub-blocks. Different

samples from the sides of the sub-blocks from regions of lower neutron fluence were ob-

tained by scrapping the lateral surface (see Figure 5.6). Since this surface may have suffer

cross contamination during the segmentation process, the first scrapping from each point

was discarded.

The samples from the drill cores from blocks 3 and 4, and those from both sides of block 3 and

the right side
5
of block 4 were sent to CNA, where we performed the chemical treatment and

the
41
Ca AMS measurements. The segmentation caused a

137
Cs contamination, so less than

1 g of each of the lateral samples were sent to the CNA in order to keep the whole package

on exemption levels. Consequently, for most of the lateral samples the whole sample was

used. Several grams of the samples from the drill cores were sent, so most of this material

was sent back to José Cabrera.

Figure 5.5: Schematic view of the position of the drill cores. The core CDC is at the same height at

which the center of the reactor core was; the other cores are at a distance of 30 cm from this one.

5
The relative location is chosen as seen from the reactor cavity.
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Figure 5.6: Position of the samples taken by scrapping the lateral surface of the sub-blocks. The letter

codes from the different sub-blocks are also shown.

5.3.2 Depth profiles

In the bibliography,
41
Ca measurements with LSC and AMS in drill cores from experimental

reactors can be found [Hou, 2005; Warwick et al., 2009]. As expected, these studies, on the

location of maximum neutron fluence, present similar
41
Ca/

40
Ca attenuation profiles as the

thermal neutron flux [Megahid et al., 1981]. Our measurements are the first measurement of

this kind in a commercial NPP. Furthermore, not only radial cores at the height of maximum

fluence have been measured.

Figure 5.7 shows the
41
Ca/

40
Ca depth profiles from all these drill cores, extracted from blocks

3 and 4. Some results from the block 4 are estimations, since we have not received the results

of the ICP-MS measurements necessary to know the
41
Ca/

40
Ca dilution factor yet. An almost

exponential attenuation can be observed in the profiles from the central drill cores (CDC)

and those 30 cm above (C1). The attenuation coefficients from the exponential fits of these

depth profiles are in the 0.06-0.08 cm
-1
range. This agrees with the attenuation profile for

thermal neutrons found by Megahid et al. [1981] and the
41
Ca/

40
Ca profile found in research

reactors by Hou [2005] andWarwick et al. [2009]. The depth profiles from the drill cores 30 cm

under the central ones (D1) also exhibit, with the exemption of some points, this exponential

behavior. Nevertheless, at some points, the thermal neutron fluence increase, instead of

decrease. The reason could be the huge chemical heterogeneity from the concrete, specially

in the water content, which may lead to a change in the diffusion of the neutrons through the
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(a) Block 3

(b) Block 4

Figure 5.7:
41
Ca/

40
Ca results from the drill core samples and correspondence with thermal neutron

fluence.
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concrete structure or even a higher moderation of the fast neutrons at some points.

The case of those drill cores at 30 cm from the central ones in the horizontal direction (CDL) is

special, since they are extremely close to the apertures toward the instrumentation wells (see

Figure 5.8). This apertures were filled with air, so they could be considered ”transparent” to

the neutrons, which reached the side walls of these aperture. The diffusion of the neutrons

in the concrete would cause another ”neutron front”, perpendicular to this wall. For deeper

locations of the CDL drill cores, the neutron fluence added by this front, relative to the one

coming from the cavity surface, would be more important than for those locations closer to

the reactor vessel. In any case, this apertures add complexity to the behavior of the neutrons

fluence in these locations, so the non ideal behavior of the
41
Ca/

40
Ca depth profiles in these

drill cores is not unexpected.

The lack of symmetry between the results of both blocks, on the other hand, is quite unex-

pected, but could be also a consequence of the huge heterogeneity of the material.

Due to the 30% Ca content of the concrete, the samples closest to the vessel, with
41
Ca/

40
Ca

ratios around 3 × 10-6, would present 41Ca specific activities of 3000 Bq/g. On the other
hand, the sample with the minimum

41
Ca/

40
Ca ratio, 3 × 10-10, would present 41Ca specific

activities of 0.3 Bq/g.

According to the results, maximum thermal neutron fluences on the bioshield surface are

very close to 10
19
cm

-2
. This result has a great relevance, since it is known that concrete

Figure 5.8: Cross section of the José Cabrera reactor vessel and bioshield when the plant was oper-

ative at the height of maximum neutron fluence. The positions where drill cores CDC and CDL were

taken, for blocks 1, 4 and 6. For the rest of the blocks, CDL core was taken from the opposite side.
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materials start losing some of the mechanical properties when they undergo total neutron

fluences above 10
19
cm

-2
[Field et al., 2015]. Taking into account that our results only assess

the thermal neutron fluence, it is almost sure that the total neutron fluence reached levels

much higher that 10
19
cm

-2
at these points. These effects on the mechanical proporties,

nevertheless, may strongly depend on the type of concrete. Consequently, the study of the

mechanical properties of this concrete, which ENRESA will perform, together with our results

of the the thermal neutron fluences and additional studies of the fast neutron fluence, could

help to a better assessment of the effects of neutron radiation in these properties.

Another capability of these results is the estimation of the specific activities from other ra-

dionuclides which are produced in concrete mainly by thermal neutron activation. This is the

case, for instance, of
36
Cl. Chlorine is only found in trace amounts in concrete, mainly caused

by the Cl
-
presence in water. Typical chloride concentrations in concrete are in the range of

100 ppm. The much lower presence of chlorine in concrete, nevertheless, is compensated by

the relatively high thermal neutron capture cross section, of 41.8 ± 1.2 b [Sims and Juhnke,
1969], this is, 2 orders of magnitude higher than the one for

40
Ca. In any case, even assuming

chloride concentrations near limits,
36
Cl specific activities would not exceed 35 Bq/g, which is

well below the limit for exempt material, 10
4
Bq/g [CSN, 2003; IAEA, 2012].

5.3.3 Results from the lateral samples

Samples from the left side of the block 4 were not sent to be measured by AMS at CNA since

these would be equivalent to those from the right side of the block 3. A scheme of the location

of these samples was presented in Figure 5.6. The heights of these locations, relative to the

center of the reactor core, were +360 cm, +280 cm, +200 cm, +120 cm, -260 cm and -300 cm.

The depths were 22.5 cm and 67.5 cm for sub-blocks A and B, and 35 cm and 105 cm for

sub-block E.

The
41
Ca/

40
Ca results in these locations is presented in Figure 5.9. The main uncertainty

for the interpretation of these results is the possibility of cross-contamination during the

bioshield segmentation process. Nevertheless, in most of the cases, an expected indirect

relationship between the vertical distance to the core and the
41
Ca/

40
Ca ratio is found; so

is between depth and
41
Ca/

40
Ca. Taking into account that these samples are relatively far

from the areas of maximum neutron fluence, the exemptions to these indirect relationships

are not unexpected. These exemptions may be caused by the thermal neutron diffusion pro-

cesses or the presence of higher fast neutron fluences near these areas which are moderated

by the concrete, as it happened in the case of the drill cores. It is, nevertheless, quite unex-

pected that the results from the 3 sides are not equivalent since, because of the geometry
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of the reactor core, the neutron spatial distribution should have a 45º rotational symmetry.

On the other hand, this rotational symmetry should only be expected on the neutron fluence

for an homogeneous material. As it was previously stated, this is not the case of concrete

walls. One of the elements where this heterogeneity is expected to be high is hydrogen, since

additional water is typically incorporated during the hardening process, and in the different

fuel changes during the operation of the NPP. Hydrogen presence is key for thermal neutron

diffusion and fast neutron moderation.

The minimum
41
Ca specific activity in this samples is found to be close to 0.15 Bq/g. For most

of these lateral samples the maximummass available was of several hundred of milligrams in

order to keep the sample package below
137
Cs exemption limits. On the other hand, the most

sensitive studies of
41
Ca measurements by LSC report detection limits of 0.1 Bq. According

to this,
41
Ca characterization by LSC would have not been possible, and AMS becomes neces-

sary. Besides, even in the case where samples could have been measured by LSC, as those

from the drill cores, the sample mass which should be destroyed and statistical uncertainties

would have been much higher.

Figure 5.9:
41
Ca/

40
Ca results, in × 10-9 units, from the lateral samples. The -I and -D makes reference

to which of both sides of the block the samples come from, as seen from the reactor cavity: I, for left

side; D, for right side. The dashed line represents the height where the center of the reactor core was.
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Chapter 6

Summary and conclusions

This thesis has fulfilled its main goal: the setting-up of the
41
Ca measurements with the 1 MV

AMS system at CNA, SARA. Most of the results obtained with this system can also be applied

to other 1 MV AMS systems from HVE. Besides, the data collected from the different mea-

surements performed during this thesis on this system and the 600 kV AMS system at ETH

Zurich, TANDY, have provided information useful to any
41
Ca AMS measurement, specially at

low energy systems. Routine AMS measurements of
41
Ca with SARA have been implemented

at CNA, applied to the characterization of low level nuclear residues.

In chapter 1, an initial idea about the different applications of
41
Ca measurements was pre-

sented, together with the basic ideas related to the AMS technique. The presentation of the

SARA and TANDY systems in chapter 2 served also to describe the physical processes involved

in the different elements of AMS systems. These descriptions focus on the recent changes

on both systems and in those differences which are important to the
41
Ca AMS performance.

Different studies related to the
41
K interference, which is the main challenge in

41
Ca AMS at

low energies, are presented in chapter 3. The experiments in order to setting-up and op-

timize the performance of
41
Ca measurements at SARA are detailed in chapter 4. The first

application of
41
Ca AMS at CNA, the study of the

41
Ca spatial distribution in the bioshield of a

NPP, can be found in chapter 5.

41
Ca AMS at low energies

Even when the
41
K interference can be estimated by sequentially measuring the other stable

isotope of potassium,
39
K (K-correction), it is important to assess the possible ways by which

this interference can vary.
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The existence of the (
41
K
57
Fe)

-
ion and its relationship with the

41
K interference has been

proven thanks to several experiments performed at TANDY during the stay at ETH LIP. This is

the cause of the relatively high
41
K ion rates when metallic elements are sputtered. The main

consequences, which have been observed in both systems, SARA and TANDY, are:

• The dependence of the
41
K interference on the materials used in the cathode, like the

target holder or the binder. For instance, higher
41
K/
40
Ca has been observed when Al

target holders are used, instead of Ti or Cu. Al materials typically present higher Fe

trace content.

• The
41
K/
40
Ca is not constant in time. Because of this, the K-correction must be applied

sequentially during the data analysis. A detailed study of this evolution at SARA is pre-

sented, showing how the
41
K interference behavior differs even for different targets

from the same sample.

Applying this K-correction manually can be time consuming. Therefore, two programs have

been written in FORTRAN code for the
41
Ca measurements at SARA and TANDY. The use of

these programs means a huge reduction of the time dedicated to this analysis, from around

one hour to several minutes.

41
Ca measurements at SARA

A detailed study of the performance parameters of
41
Ca measurements at SARA has been

performed throughout this thesis. The main parameters studied have been:

• Ionization efficiency: mixing the calcium fluoride samples with silver in a CaF2:Ag

weight ratio of 1:4, the (
40
CaF3)

-
output current of the HVE SO-110B ion source is stable

and between 50 and 150 nA. The ionization efficiency in this case is around 0.1%.

• Stripper transmission: the charge state with the highest transmission in the He strip-

per is the 2+ state. Using a He gas pressure of 0.03 mbar, this is, a He mass thickness of

∼0.075 µg·cm-2, transmission for this charge state is 40%, and a full supression of the
molecular background is achieved. The possibilities of the charge state 3+, with a lower

transmission of 20%, are being studied because of the possibility of reducing the final

background.

• GIC detection efficiency: the compact GIC presents detections efficiencies higher than

90% for
41
Ca rates lower than 1000 s

-1
. For higher rates, the efficiency decreases lin-

early.
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•
41
Ca/

40
Ca background: while the typical

41
K/
40
Ca ratios are in the 10

-11
range, the

41
Ca/

40
Ca in blank samples, after applying the K-correction, is one order of magnitude

lower.

• HE side optical transmission: thanks to the independence of the object of the HEM

on the charge state, due to the quadrupole triplet at the exit of the accelerator, the

41
Ca beam is optimally transported through the HE spectrometer. The measurements

of
41
Ca standards show that the optical transmission in this sector is in the 90-100%

range.

The comparison of the performance parameters at SARA with those at TANDY show that the

capabilities of both systems for
41
Ca AMS are equivalent. SARA is perfectly fit to perform,

for instance,
41
Ca measurements for biomedical applications and for characterization of low

level nuclear residues.

41
Ca in the bioshield from a nuclear power plant

The first application of the
41
Ca measurements at SARA has been the study of the

41
Ca spatial

distribution in the bioshield of the José Cabrera NPP. The
41
Ca/

40
Ca ratio in this structure is

directly related to the thermal neutron fluence suffered by it. A radiochemical method to

treat large number of concrete samples has been developed and applied to samples from a

huge variety of depths and heights of José Cabrera’s bioshield. Only 100-500 mg per sample

are needed to be destroyed in this treatment, one order of magnitude lower than the sample

mass needed for LSC measurements. Besides, AMS not only improves the limit of detection,

but also improves the precision of this measurements.

The results from the
41
Ca measurements at SARA show that, because of the complexity of the

geometry and the heterogeneity of the material, the behavior of the thermal neutron fluence

becomes less ideal the farer the samples are from the position of maximum neutron fluence.

Consequently, neutron transport simulations may be not enough to estimate the inventories

of the radionuclides produced by the neutron radiation.
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Relevant publications within this PhD thesis

Two articles have been published related to this thesis:

The studies of the relationship with the
41
K interference of the iron presence and the time

evolution, and the specific features of the measurement analysis relates to the K-correction,

detailed in chapter 3, are presented in

C. VIVO-VILCHES, J.M. LÓPEZ-GUTIÉRREZ, M. GARĆIA-LEÓN, C. VOCKENHUBER

Factors related to
41
K interference on

41
Ca AMS measurements

Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions with

Materials and Atoms, in press

doi: 10.1016/j.nimb.2018.04.031

The main results and experiments presented on chapter 4 about the optimization of the

performance parameters of the
41
Ca measurements with SARA can be found in

C. VIVO-VILCHES, J.M. LÓPEZ-GUTIÉRREZ, M. GARĆIA-LEÓN, C. VOCKENHUBER, T. WALZCYK

41
Ca measurements on the 1 MV AMS facility at the Centro Nacional de Aceleradores

(CNA, Spain)

Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions with

Materials and Atoms 413 (2017) 13-18

doi: 10.1016/j.nimb.2017.10.003
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Appendix A

GICOSY files

Figures 2.18 and 2.20 show simulations of the ion optics in the HE spectrometers of SARA and

TANDY, performed with GICOSY [Weick, n.d.]. The geometry data from both systems were

obtained from Jacob [2001] and Chamizo [2009]. The meaning of the different codes can be

found in the manual, which is in Dr. Helmut Weick’s webpage. Simulation from Figure 2.15

has also been performed with GICOSY.

Below, the files written for the HE spectrometers of SARA and TANDY are presented.

A.1 SARA HE spectrometer

S N SARA-HEsector ;

R P 0.395 41 2 ;

P X 0.00 0.014 ;

P Y 0.00 0.014 ;

D P 0.005 0.0025 ;

;

VQ2=7.8;

VQ1=-VQ2;

;

S S ;

;

D L 0.24 ;

;

F F 0 ;
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A C 0.8 1.1375 0.0475;

F F 0 ;

;

D L 0.095 ;

;

F F 1;

;

E Q 0.059 VQ1 0.025;

;

F F 1;

;

D L 0.0405 ;

;

F F 1;

;

E Q 0.132 VQ2 0.025;

;

F F 1;

;

D L 0.0405 ;

;

F F 1;

;

E Q 0.059 VQ1 0.025;

;

F F 1;

;

D L 0.52 ;

;

F F 3 25.6 0.0 ;

;

M S 0.85 90 0.0215 0 0 0 0 0;

;

F F 3 31 0.0 ;

;

D L 1.094 ;

;
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A.2. TANDY HE SPECTROMETER

D H E (X,Y) 100000 0.003 0.003 1 10 ;

;

D L 0.375 ;

;

F F 1 0 0;

;

E S 0.65 120 0.0125 1 -1 1;

;

F F 1 0 0;

;

D L 0.375 ;

;

D H E (X,Y) 100000 0.003 0.003 1 10 ;

;

D L 0.375 ;

;

D S 0.025 10 100 1 3 1 3;;

D B 0.035 0.035 1 1 3 1 3 1 3 1;

END ;

;

A.2 TANDY HE spectrometer

S N TANDY-HEsector ;

R P 0.23 41 2 ;

P X 0.00 0.014 ;

P Y 0.00 0.014 ;

D P 0.025 0.0025 ;

;

S S ;

;

D L 0.38 ;

;

F F 0 ;

A C 0.24 2.083 0.0475;

F F 0 ;
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D L 1.391 ;

;

F F 3 27.5 0.0 ;

;

M S 0.75 90 0.0215 0 0 0 0 0;

;

F F 3 27.5 0.0 ;

;

D L 1.0 ;

;

D H E (X,Y) 100000 0.005 0.005 1 10 ;

;

D L 0.743 ;

;

F F 1 0 0;

;

E S 0.75 90 0.02 1 -1 1;

;

F F 1 0 0;

;

D L 0.77 ;

;

D H E (X,Y) 100000 0.005 0.005 1 10 ;

;

D L 0.6 ;

;

D S 0.025 10 100 1 3 1 3;

D B 0.035 0.035 1 1 3 1 3 1 3 1;

;

END ;

;
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Appendix B

Unfeasibility of matrices different

from CaH2 for the production of

(CaH3)
-
ions

B.1 Alternatives to calcium hydride in the bibliography

It is widely proven that the extraction of the (CaH3)
-
ion instead of the (CaF3)

-
significantly re-

duces the
41
K interference. This, therefore, could be an indication of a theoretical advantage

of using the calcium hydride (CaH2) in
41
Ca AMS at low energies, since

41
K interference cannot

be discriminated in the detector. Nevertheless, dealing with calcium hydride is problematic

because it is a highly hygroscopic compound, so this chemical compound is not suitable for

applications where a large number of samples is involved.

The use of more chemically stable matrices to produce the (CaH3)
-
ions would solve this

problem. The idea of producing these ions form different mixes of calcium compounds with

titanium hydride (TiH2), which is much more stable than other hydrides, had been studied

during the 90’s [Fink et al., 1990; Baba et al., 1997]. In fact, TiH2 is the compound commonly

used to produce H
-
ions by Cs sputtering [Middleton, 1990].

Fink et al. [1990], which reported (
40
CaF3)

-
currents one order of magnitude higher than those

at SARA, found (
40
CaH3)

-
current outputs from a CaO+TiH2 mix in a weight ratio of 1:10 of 20-

30 nA, so only currents of several nA would be expected in our system. Besides, the use of

calcium oxide did not seem a great improvement on sample handling, since this compound

reacts violently with water.
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Baba et al. [1997] reported (
40
CaH3)

-
currents lower than 1 nA from a CaF2+TiH2+LiCl mix in

a weight ratio of 1:2:1. In this case, the low current could have been caused because of the

presence of other compound, the LiCl, which was added to use the (
7
Li
37
Cl)
-
beam as a pilot

beam in order to tune the (
41
CaH3)

-
ions, with the same mass (44 u).

On the other hand, in a more recent study of the possibility of performing
14
C AMS using

calcium carbonate (CaCO3) instead of graphite, Longworth et al. [2013] showed a spectrum

where there is an important peak of negative ions with mass 43 u, identified in this publica-

tion as (
40
CaH3)

-
ions. This was found in targets where a mix of calcium carbonate and metal-

lic Ti was pressed in aluminum holders. Consequently, we thought that the idea of producing

(CaH3)
-
ions from mixes of calcium salts with TiH2 should not be discarded. Nevertheless,

there existed the possibility of a wrong interpretation of this peak observed by Longworth

et al. [2013]: since their samples were pressed in aluminum holders, and oxygen is present

in the calcium carbonate, these ions with a mass of 43 u could have been (
27
Al
16
O)
-
.

B.2 The experiment at SARA

Taking advantage of the equal mass of the (
27
Al
16
O)
-
and the (

40
CaH3)

-
ions, we decided to

use the aluminum oxide samples typically used for
26
Al AMS to tune this mass. Afterward,

we tested different mixes of calcium salts with TiH2, with and without adding silver powder

to those mixes.

Therefore, we prepared 5 types of targets, all of them pressed in copper holders:

• Aluminum oxide (Al2O3) mixed with copper in a Al2O3:Cu weight ratio. This is the con-

figuration which optimize the
27
Al
-
current in the ion source at SARA and, so, the one

used for
26
Al measurements at CNA [Padilla, 2015].

• Calcium carbonate mixed with titanium hydride in a CaCO3:TiH2 weight ratio of 1:2.

• The latter mixed with silver, in a CaCO3:TiH2:Ag weight ratio of 1:2:8.

• Calcium fluoride mixed with titanium hydride in a CaF2:TiH2 weight ratio of 1:2.

• The latter mixed with silver, in a CaF2:TiH2:Ag weight ratio of 1:2:8.

The weight ratio between calcium salt and titanium hydride was chosen so that the volumes

of both compounds were similar. In the cases where silver was added, this was chosen so

that the volume from the salt-hydride mix and that from the silver were also similar. 4 targets

were pressed from each type.
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The 43 umass was soon successfully tuned with the aluminum oxide targets, which presented

stable (
27
Al
16
O)
-
current outputs of 500 nA. This is lower than the 1 µA output at the ETH

Zurich 6 MV EN-TANDEM AMS system [Miltenberger et al., 2017]. Nevertheless, for the
27
Al
-

ion, a lower current (∼100 nA) is also observed at SARA, comparing with this system (∼200 nA)
[Christl et al., 2013; Chamizo et al., 2015c].

Afterward, all the targets pressed from the 4 different mixes were tested. For all of them, the

maximum current from 43 u ions, this is, almost certainly (
40
CaH3)

-
ions, was 5 nA. More im-

portant was the unstability of those currents in every target. Even increasing the Cs reservoir

temperature, only unstable currents lower than 10 nA were observed. Besides, in most of the

cases, the ion current decreased in few minutes to near 0 nA.

Due to the variety of mixes we tried, and since no stable (
40
CaH3)

-
ion current could be pro-

duced from any of them, the use of these matrices for the extraction of the (CaH3)
-
ion does

not seem feasible.
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Appendix C

FORTRAN programs for
41
Ca

measurement analysis

In chapter 3, it is stated that 2 programs had been written in order to perform the data

analysis of
41
Ca measurements at SARA and TANDY. Since the differences between both are

minimal, here only one example of the input file used by the program for measurements

at SARA is presented. The information provided by the output files is also explained. The

FORTRAN file is not shown in this thesis because of its length.

C.1 Input file

Below, an example of and input file of the program used for
41
Ca measurements at SARA is

shown. The input file of the program for
41
Ca measurements at TANDY also ask information

about the maximum transmission deviation from the average and which of the cathodes are

not calcium fluoride samples (cathodes with only silver, for instance) to not taking those into

account when calculating the average stripper transmission.

Number of samples

24

First run

49

Number of runs/sample:

7
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Number of cycles (=seq)/run:

5

min. 40Ca HE (nA):

20

max. 39K/40Ca in run:

1.25e-9

max rate (cts/s):

3000.0

Ignore first run? (yes/no=1/0)

0

Sample scatter (%):

1

Charge state:

2

Number of standards of interest:

3

Standard 1 nom. val, number of samples, positions:

1.0181e-8

2

3

15

Standard 2 nom. val, number of samples, positions:

1.0479e-9

2

4

16
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Standard 3 nom. val, number of samples, positions:

1.0520e-10

2

5

17

Number of blanks:

4

Position:

2

7

14

19

Pulser (1/0=yes/no)

1

Pulser frequency (Hz)

100.131

C.2 Output files

C.2.1 out-K-correction

This file is written while performing the K-correction. The information provided is:

•
39
K/
40
Ca and

41
M/
40
Ca ratios from the different runs from all the blank samples, which

are the (x,y) values for the linear regression.

• The K-corretion factor α, this is, the slope from the linear regression.

• The relative uncertainty of α.

• The R2
value of the linear regression.
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C.2.2 out-runs

The file providing information about the different runs from all the samples is written be-

tween applying the K-correction and the other important corrections: blank and standard

correction.

The information provided for each run is:

• The number of sequences which passed the discard criteria during that run.

• The total number of
41
M counts detected in that run.

• The average
40
Ca current.

• The average
39
K/
40
Ca ratio.

• The K-corrected
41
Ca/

40
Ca ratio.

• The relative uncertainty of this ratio.

• The relative standard deviation of this ratio.

In the case of measurements at TANDY, this file also provides information about the stripper

transmission.

C.2.3 out-blank

This file is written while the background is being calculated. It just shows:

• The average
41
Ca/

40
Ca from each blank sample after K-correction.

• The
41
Ca/

40
Ca background, this is, the average from all the blank samples.

• The relative standard deviation from this background.

C.2.4 out-stds

This file is written while calculating the nominal/experimental factor from the standard sam-

ples. It shows, for each different standard material:

• The nominal
41
Ca/

40
Ca ratio from that material.
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• The average of the measured
41
Ca/

40
Ca in all the cathodes from that material.

• The factor between this nominal and measured ratios.

• The relative standard deviation from this factor.

It also shows that average of the nominal/measured factor from different standard materials,

and its final relative uncertainty.

C.2.5 out-final-ratios

In this file, the final results from each sample are presented.

The information provided for each sample is:

• The number of runs from that sample which passed the discard criteria.

• The average K-corrected
41
Ca/

40
Ca ratio.

• The relative uncertainty from that ratio.

• The relative standard deviation from that ratio.

• The integral of the χ2
distribution which is used to select the uncertainty of the blank-

corrected ratio.

• The blank-corrected
41
Ca/

40
Ca ratio.

• The relative uncertainty from that ratio.

• The final standard-corrected
41
Ca/

40
Ca ratio.

• The relative uncertainty from that ratio.

• The total number of
41
M counts detected in all the runs form that sample.

• The average
39
K/
40
Ca ratio.

• The average
40
Ca current.

In the case of measurements at TANDY, this file also provides information about the stripper

transmission.
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129
I mea-

surements on the 1 MV AMS facility at the Centro Nacional de Aceleradores (CNA, Spain).

Applied Radiation and Isotopes 70, 263–268.
http://linkinghub.elsevier.com/retrieve/pii/S0969804311004040
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