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Abstract

The noble gas radioisotopes °Kr, 3 Ar and 8! Kr are of great importance in radio-
metric dating because their half-lives cover time scales from the last millennium
to one million years before present. They are present as inert trace gases in the
atmosphere and the exchange with other environmental reservoirs makes them
ideal tracers for hydrology, oceanography and glaciology. Their very low iso-
topic abundance is the huge hindrance for the detection and analysis. Especially
in the case of argon with a natural abundance of 8 x 10716, classical decay count-
ing requires tons of water or ice and measurement times of several weeks. To
reduce the sample size, techniques from the field of quantum optics are applied
to capture the atoms directly rather than rely on their decay signature.

Argon Trap Trace Analysis is capable of daily measurements using samples as
small as 0.5 mL STP argon and this is demonstrated here for glacier ice. A few
kilograms of ice have been taken in artificial glacier caves and the measured ar-
gon ages are validated against preexisting constraints. These results and recent
pilot studies have arisen a huge demand for small sample radio-argon dating.
To meet this development, a second apparatus has been built in a self-sufficient
laboratory container. The new machine is optimized for robustness and will in-
crease the sample throughput capacities in the near-future. Furthermore, a setup
has been built to characterize and improve the performance of the argon source,
a main loss factor concerning efficiency.

Zusammenfassung

Die Edelgas Radioisotope °Kr, ¥ Ar und 8'Kr sind von grofler Bedeutung
in der radiometrischen Datierung da ihre Halbwertszeiten Zeitskalen des let-
zten Jahrtausends bis zu einer Millionen Jahre vor unserer Zeit abdecken. Sie
sind als Spurengase in der Atmosphdre vorhanden und der Austausch mit
anderen Umweltreservoirs macht aus ihnen ideale Tracer fiir die Hydrologie,
Ozeanographie oder Glaziologie. Das sehr geringe relative Isotopenverhiltnis
stellt dabei ein grofies Hindernis fiir die Detektion und Analyse dar. Beson-
ders im Fall von Argon mit einer natiirlichen Haufigkeit von 8 x 10~1¢ benétigt
klassische Zerfallszdhlung Tonnen von Wasser oder Eis und Messzeiten von
mehreren Wochen. Um die Probengrofie zu reduzieren werden Techniken aus
dem Feld der Quantenoptik eingesetzt, welche ermoglichen die Atome direkt
zu fangen statt auf deren Zerfallssignatur angewiesen zu sein.

Argon Trap Trace Analysis erlaubt es tdgliche Messungen mit Proben so klein
wie 0.5 mL STP Argon durchzufiihren, was in dieser Arbeit fiir Gletschereis
gezeigt wurde. Einige Kilogram Eis wurden in kiinstlichen Gletscherhohlen
genommen und das gemessene Argonalter gegen vorhandene Randbedingun-
gen validiert. Diese Resultate und kiirzliche Pilotstudien haben eine grofse
Nachfrage an Radioargondatierung mit kleinen Probengrofsen geweckt. Um
dem entgegenzukommen wurde eine zweite Apparatur in einem unabhangi-
gen Laborcontainer gebaut. Die neue Maschine ist auf Robustheit optimiert und
wird den Probendurchsatz in naher Zukunft erh6hen. Weiterhin wurde ein Auf-
bau konstruiert, der es ermdglicht, die Performance der Argonquelle zu charak-
terisieren und zu verbessern, einem Hauptverlustfaktor der Effizienz.
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Preface

I consider myself very lucky that I was given the opportunity to work on Argon Trap
Trace Analysis because it is a truly unique experiment due to several reasons. From
the viewpoint of a physicist, the Heidelberg collaboration between the Kirchhoff-
Institute for Physics and the Institute of Environmental Physics is a prime example
how interdisciplinary work is conducted to benefit so far untapped research fields.
As someone like me, whose roots lie in the atomic physics, it was an inspiring and
mind-opening experience to work with environmental physicists in joint projects
and having input from far beyond the walls of an optical laboratory.

The challenge for an atomic physicist, besides mere measurement duties, is to
increase the performance of the apparatus. The current state of a few counted atoms
per hour in the case of argon is the main limitation concerning statistical uncertain-
ties. It is a huge task to increase the efficiency of the setup either by optimizing the
existing laser cooling and trapping stages or deploying new devices.

On a more technological side, the work in the optical laboratory requires knowl-
edge and skills from all different kind of fields. It includes the expertise in laser
cooling and trapping, the maintenance and setup of laser systems, the proper design
and assembly of vacuum components, the ability to build electric control circuits and
basic mechanical workshop proficiency. The climax has been the construction and
setup of a completely new laboratory, where all of my acquired competences have
been required.

The work and results presented in the following doctoral thesis describe what
I have been working on during the last few years. The first part concentrates on
the interdisciplinary aspect of Argon Trap Trace Analysis. Chapter 1 introduces the
reader to the huge potential of noble gas radiometric dating. Chapter 2 concludes
with the radio-argon dating of glacier ice by using samples of a few kilograms of ice.

The second part focuses on the atomic physical and technological aspects. Chap-
ter 3 gives deeper insights on the theory of laser cooling and trapping and presents
the required knowledge for understanding Argon Trap Trace Analysis. Chapter 4 re-
ports on the construction and setup of a new apparatus in a self-sufficient laboratory
container.

The last part focuses on potential improvements of the method. Chapter 5 presents
the setup of a new test platform to characterize and possibly improve the argon
source. Chapter 6 presents a short summary and gives an outlook for the project in
the near future.
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Part1

Application of Argon Trap Trace
Analysis to Glacier Ice Dating






Chapter 1

Introduction of Noble Gas
Radionuclides

The atmosphere of the Earth, a thin gas layer above the planetary surface, is a key en-
vironment for sustaining the global ecosystem. The resulting climate is the strongest
and most felt environmental factor and has a huge impact on the human economy,
culture and politics (Roedel and Wagner, 2017). The three most abundant gases in
the atmosphere are nitrogen (78.1 %), oxygen (21.0 %), and argon (0.9 %) and the
remaining constituents are commonly referred to as trace gases. These naturally or
anthropogenically produced gases can hold valuable information about the climate,
such as temperature, atmospheric radiation budget and air quality (Warneck, 1988;
Moller, 2003; Seinfeld and Pandis, 2016).

The trace gases can enter other environmental reservoirs by the contact with the
atmosphere. One example is the gas exchange on the water surface thus the tracers
are contained in groundwater and the ocean. Another example is frozen air bubbles
contained in fresh glacier ice, ultimately leading to the integration of the tracers into
the ice matrix if the pressure inside the ice is high enough (Ohno, Lipenkov, and
Hondoh, 2004).

In that sense, the age of an environmental reservoir or sample is commonly re-
ferred to as the time span since its last contact with the atmosphere. The dynamics
of these reservoirs can be deployed to use them as climate archives and they provide
knowledge about the paleoclimate of Earth where past human data and recordings
have not been available. The missing key piece to the puzzle is to determine the age
of the analyzed sample of the climate archive. A solution to this is provided by a
group of radiometric age tracers. Their concentration in the sample is in equilibrium
with the atmosphere, but as soon as the contact is broken, the decay of the isotopes
on time scales according to their characteristic half-life reduce the concentration thus
making the radiometric clock ticking.

Among the age tracers, the radioactive noble gases have ideal properties such
as chemical inertness and known initial concentration. They are well mixed in the
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FIGURE 1.1: Dating ranges of radioisotopes. Together with C, the
noble gas trio ®Kr, 3 Ar and 8!Kr cover the whole dating range from
today to one million years before present.

atmosphere and are contained in water and ice. Furthermore, the half-lives of 10.76
years, 269 years and 229,000 years of the trio 8°Kr, 3 Ar and 3'Kr cover the whole

dating range together with 4C as can be seen in Figure 1.1.

Although the noble gas radionuclides posses almost perfect properties for dat-
ing purposes, their broad application has been strongly hindered by their very low
atmospheric abundances. For 85Kr and 8 Kr, it is 2 x 1071 and 6 x 10713 respec-
tively. The isotopic abundance for *Ar is even three orders of magnitude lower!
and is 8 x 1071°. In the case of argon, this requires large sample volumes and long
measurement times using classical decay counters thus applications with this tracer
have been limited mainly to groundwater studies, where nearly unlimited sampling

is possible (Alvarado et al., 2007).

The emerge of %Kr due to anthropogenic nuclear fission in the 1950’s prevents
the decay counting of the long-lived ' Kr since then. This and the issues concern-
ing sample size and measurement time have led to the development of Atom Trap
Trace Analysis (ATTA) (Chen et al., 1999). It deploys techniques that have been de-
veloped in the field of atomic physics and quantum optics to capture single atoms
of the desired isotope in an atom trap. The underlying laser cooling process requires
multi-photon scattering and exploits small shifts in the optical resonance that arise
due to differences in mass and nuclear spin between isotopes of the same element.
The huge background of abundant isotopes is suppressed by million cycles of pho-
ton absorption and spontaneous emission.

The ATTA technique for krypton has been further developed since its introduc-
tion almost two decades ago and the state-of-the-art are routine measurements that

1One common example is to look for a marked one Euro coin that is hidden somewhere in Germany.
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can be performed in two laboratories world-wide. One is located at the Argonne
National Laboratory in Chicago, Illinois (Jiang et al., 2012; Lu et al., 2014) and the
second is at the University of Science and Technology in Hefei, China (Jian, 2018).

The Heidelberg group has started radio-argon dating almost one decade ago
and has successfully demonstrated this technique in three pilot studies concerning
groundwater (Ritterbusch et al., 2014), ocean circulation (Ebser et al., 2018) and most
recently, in this work, glacier ice (Feng et al., 2018). Although the proof of princi-
ple has been shown for the three environmental reservoirs, the low abundance of
¥ Ar yields daily measurement cycles and is the main bottle neck for high sample
throughput.

In the scope of this work, the increasing demand of radio-argon dating has been
met by setting up a new apparatus. Furthermore, a test setup has been built to
address questions that will hopefully lead to higher detection efficiency thus short-
ening the required measurement time for the same accuracy.

1.1 Noble Gas Properties

The elements He, Ne, Ar, Kr, Xe belong to the group of noble gases, characterized
mainly by their inertness due to fully occupied valence electron shells. This chemi-
cal inactive behavior was the main reason for a late discovery although ~ 1 % of the
atmospheric composition consists of noble gases. The most abundant proportion
is argon and its atmospheric concentration is at least ~ 450 x higher than the sec-
ond most abundant noble gas element neon, as shown in Table 1.1. A non-reactive
atmospheric component was first suspected in 1784 by H. Cavendish and the first
detection of noble gases has been done in 1868 by Pierre Jannsen and Joseph Nor-
man Lockyer by analyzing the spectral lines of the sun chromosphere (Sears, 2015).
The new element was named helium after the Greek word for sun and was only
later classified as noble gas. In 1895, Lord Rayleigh and William Ramsay discovered
that nitrogen from chemical reactions has a different density than extracted nitrogen
from atmospheric air hence they suspected a contribution of an element far less re-
active than nitrogen. Further purification led to the discovery of argon although it
was mixed with less than 1 % of the other noble gases (Rayleigh and Ramsay, 1895).
The remaining noble gases were identified in 1898 (Ozima and Podosek, 1983).

The outstanding argon concentration compared to the other noble gases is due

to the decay of potassium

VK +e =0 Ar+ 4 (1.1)
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TABLE 1.1: Proportion of noble gases in the atmosphere.

element concentration [%]

argon 0.9340

neon 0.001818
helium  0.000524
krypton 0.000114
xenon 0.000009

with a half-life of 1.28 billion years (Dickin, 2018). The noble gas argon is there-
fore found in the Earth’s crust from where it gets into the atmosphere thus more than
99 % of the atmospheric argon is “’Ar. It is worth to note that the concentration of
the other stable argon isotopes ®Ar and 3® Ar are 0.003116 and 0.000059 respectively
and therefore comparable to the other noble gases.

The availability of the noble gases in the atmosphere, their chemical inertness
and the exchange with other environmental reservoirs makes this group of atoms

very useful as tracers. A few examples are:

e Noble gas thermometer. The stable noble gases Ar, Kr and Xe have a strongly
temperature dependent solubility in water. Their concentration in old ground-
water can be used as paleoclimate indicator since it shows the temperature at
the time of infiltration (Mazor, 1972).

o K-Ar dating. The decay of potassium to argon with a known decay time can
be used to date the constituents of the Earth’s crust (McDougall and Harrison,
1988).

e Neutron field reconstruction. The reconstruction of fast neutron fields due
to the atomic-bomb in Hiroshima and their doses at distances is a valuable
information for cancer studies. The field can be reconstructed using the 3 Ar
concentration found in tomb stones on the graveyards in the city (Martinelli
et al., 2003).

An important group of applications in environmental science uses the unstable
thus radioactive isotopes of noble gases as dating method and is discussed in the

next section.

1.2 Basics of Radiometric Dating

In the simplified case of a radioisotopic tracer with known half-life ¢; ,; and constant
initial concentration ¢p = c(t = 0), the time dependent concentration c(t) follows
the decay curve
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t
1\ a2 —In(2)-+
) =a- (5)" =a-e O 12
with the additional condition, that no sources of the used tracer exist in the envi-

ronmental reservoir under study. The age tsample Of the sample with concentration

Csample — C<tsamp1e) is then

_ co \ ty
tsample = In <Csample> n(2) (1.3)

In the case of a tracer with significant variations in the initial concentration cg
over time, calibration curves as in the case for *C are required to derive the age of
the sample.

The relative precision of the inferred age feasured 1S Strongly dependent on mea-
surement time T and actual sample age fsample- For a counting detector with count-
ing rate Ag = A(tsample = 0), the number of detected signals is

. tsample

C _
N(T) = A¢T - sa:;ple = AT " (1.4)

If purely statistical errors are considered, the uncertainties of the detected signals
is

AN(T) = \/N(T). (1.5)

The relative age error then yields

Atsample _ tya 1 _ (1.6)
tsample In (2) N(T) tsample

For the case of ¥Ar with a half-life t;,, = 269 years and counting efficiency
Ag = 541 Figure 1.2 shows the required measurement time T in hours for rela-

tive age errors of 10 %, 20 % and 50 % in dependence on the actual sample age tsample-
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FIGURE 1.2: Relative age error of counting detectors. The required
measurement times for relative errors of 10 %, 20 % and 50 % are
shown in dependence on the actual sample age tsample- The parame-

ters for 3 Ar have been used, hence a half-life t; /2 = 269 years and a

counting rate of Ag = 5941,

TABLE 1.2: Radioisotopes for dating purposes

isotope half-life [a] dating range [a BP] relative concentration [%]

85Kr 10.76 0— 60 2x 1011
I Ar 269 50 — 1000 8 x 10716
81Ky 229,000 50,000 — 1,000,000 6 x 10713

1.3 Noble Gas Radionuclides

The radioactive isotopes 8Kr, ¥ Ar and 3 Kr serve as valuable tracers for dating pur-
poses and their relevant properties are shown in Table 1.2. Together with the well-
known C, these radioisotopes cover the whole range from today to one million
years before present as shown in Figure 1.1.

1.3.1 Krypton-85 - the Short-range Tracer

The short lived isotope ®°Kr has a half-life of 10.76 years and has the highest rela-
tive abundance among the trio of noble gas radioisotopes considered in this work.
The atmospheric concentration is due to anthropogenic sources as it is one of the
byproducts in nuclear fission of 2°U (Hippel, Albright, and Levi, 1985). The natu-
ral production of 8Kr due to cosmic ray spallation in the atmosphere of the stable
84Kr and %K yields only an estimation of 3 x 10~18 isotopic abundance (Kutschera
et al., 1994) thus this process is negligible compared to nuclear fission. The main
anthropogenic sources are atomic-bomb testing, nuclear reactors and reprocessing
of fuel rods. Despite the short lifetime of 8Kr, the atmospheric abundance has been
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increasing steadily since 1950 nevertheless.

8Kr can be used to identify young components in a sample due to the fact that it
has not been available in sufficient amount in the atmosphere before the discovery
of nuclear fission. Furthermore, it can be used to exclude any contamination of the
samples with modern air using the sampling process, degassing or any other tech-
nical step.

1.3.2 Argon-39 - the Middle-range Tracer

3 Ar has a half-life of 269 years and its production is mainly due to cosmic ray spal-
lation in the stratosphere (Loosli, 1983) according to

n+0Ar — 2n4+% Ar. (1.7)

By comparing it with 1*C data over the last 1000 years, there is a slight variation in
the atmospheric concentration of 3 Ar of up to 7 % (Oeschger et al., 1974), but this is
usually negligible for dating purposes (Loosli, 1983).

Although argon has an outstanding atmospheric abundance among noble gases,
the tracer * Ar has at least three orders of magnitude lower relative abundance com-
pared to the krypton radioisotopes. In that sense, the high abundance of stable “°Ar
poses a hindrance as it cannot be separated chemically from the desirable radioiso-
tope and is therefore a huge background for analytically methods.

Radiometric dating with 3Ar offers a unique time span due to its half-life of
269 years thus covering the last millennium. A high demand for this tracer exists in
the fields of groundwater studies, oceanography and glaciology since it matches the
time scale of interest in these environmental reservoirs.

1.3.3 Krypton-81 - the Long-range Tracer

The long lived krypton isotope 8'Kr has a half-life of 229,000 years and the main at-
mospheric source is due to the cosmic ray spallation of 82Kr, 83Kr, #Kr and 8Kr with
p, n and <y and neutron capture 80Kr(n, 7)8Kr (Kutschera et al., 1994). By compar-
ing preanthropogenic samples with modern krypton samples, the contribution of
anthropogenic sources of 8'Kr are < 2.5 % (Zappala et al., 2017) and are negligible.
Furthermore, the short-term fluctuations of 8 Kr production in the atmosphere are
smoothed out due to the long half-life and good atmospheric mixing thus a constant
atmospheric abundance is given.
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These properties make 81 Kr the ideal tracer in the range of fifty-thousand to one
million years before present (Loosli and Oeschger, 1969) and its application has been
demonstrated in many environmental studies including a million years old ground-
water (Sturchio et al., 2004) and hundred thousand years old antarctic ice (Buizert
etal., 2014).
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Chapter 2

Radio-argon Dating of Alpine
Glacier Ice

Radio-argon dating and glacier ice share a short but significant history together since
the rise of the then novel tracer % Ar is closely tied to profound knowledge deducted
from annual layer counting in polar ice cores (Oeschger et al., 1976; Loosli, 1983).
Although calibration against existing age data from ’Si and the 6'¥0 method was
a huge success, the required amount of few tons of ice has excluded the field of
glaciology since the beginning. A spatial and thus temporal resolution of most study
sites is necessary to access the information stored in the ice and can only be realized
by reducing the sample size down to a few kilograms. Argon Trap Trace Analysis
(ArTTA) is the long-awaited key to these valuable climate archives and this chapter
presents pilot studies on two unique sites at Chli Titlis glacier (3030 m asl, Central
Switzerland) and Schaufelferner glacier (2870 m asl, Stubai Alps, Austria).

2.1 Site Description and Sample Selection

A crucial part for the execution of this project has been a collaboration with the Inter-
disciplinary Mountain Research group in Innsbruck, Austria and the local ice facili-
ties for storage and preparation at the Institute of Environmental Physics in Heidel-
berg. The two chosen sampling sites shown in Figure 2.1 at Chli Titlis and Stubai had
been the subject of previous glaciological investigations (Hoffmann, 2016) and offer
practical prerequisites for this pilot study of radio-argon dating. Artificial ice tunnels
have been created for touristic purposes and provide easy logistic access and sam-
pling conditions independent from weather. The latter has led to hastily sampling in
a first attempt and might be the reason for unsuccessful dating (Ebser, 2018). Organic
findings in the form of micro-carbonic material (Titlis) or a bark particle and larch
needle (Stubai) and visual stratigraphy in both caves provide valuable prior knowl-
edge of the sampling sites (Bohleber, Hoffmann, and Kerch, 2018; Hoffmann, 2016)
and constrain the expected age for radio-argon. However, due to the lack of data
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FIGURE 2.1: Site maps of a) Chli Titlis glacier cave and b)
Schaufelferner glacier cave with c¢) a schematic view of the
Schaufelferner ice tunnel and sample locations. Due to the sum-
mit location, the ice at the Chli Titlis cave is nearly stagnant, show-
ing horizontal layers allowing straightforward sampling and relative
age control via stratigraphy, i.e. older ages at greater depth. The
Schaufelferner glacier cave is located downstream of the summit and
has undergone substantial ice flow. Inclined layers undisturbed by
folding are visible within the cave. The GPS coordinates for Chli Titlis
and Schaufelferner are reported in the Swiss grid and Gauss-Krueger
system, respectively. Taken from Feng et al., 2018.

and huge ambiguities in the C calibration especially below ~ 1,000 years BP!, the
sole confirmation of the expectations based on existing knowledge is valuable and
gives more comprehension for the studied locations. The 3°Ar has been extracted
from abundant layers of white, bubble-rich ice. The following descriptions of the

sampling sites have been adapted from Feng et al., 2018.

2.1.1 Chli Titlis

The cornice-type summit at Chli Titlis in Central Switzerland holds the glacier on
the slope facing north where the investigated tunnel has been dug around 100 m
into the ice at 3030 m asl. The entrance of this glacier cave is at the cable car station

and it runs along bedrock.

The temperature in the caves is below zero throughout the year. Nevertheless,
artificial air conditioning has been applied to compensate for the heat input of vis-
iting tourists. Additionally, sheets cover the glacier surface to minimize summer
ice melt. Despite these efforts, the negative mass balance leads to shrinking of the

glacier and thus the stored record is vanishing.

1t is worth to note that the radiocarbon community defines before present (BP) as before the cali-
brated year 1950 CE. In the scope of this work, all ages refer to before 2018 CE for simplicity.
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FIGURE 2.2: The sampling site at the summit of Chli Titlis. The wall
in the cave shows a distinct horizontal layering, hence no evidence
of layer folding. The *C age constraints reveal a strong vertical age
gradient within the sampled depths. The two uppermost blocks (1-1
and 1-2) have been analyzed for ¥Ar. The results of 527ﬂé2 years

before 2018 CE for the uppermost block 1-1 and 11265%6 years be-

fore 2018 CE for block 1-2 are realistic in view of existing age evidence

provided by visual stratigraphy and #C dating results. Taken from
Feng et al., 2018.

The ice flow in this summit region is nearly stagnant and the walls in the cave
show distinct horizontal layering as shown in the left part of Figure 2.2. This pro-
vides a clear visual stratigraphy and thus relative age control. Accordingly, the sam-
pling strategy at this site was to obtain two blocks of neighbouring layers signif-
icantly different in age. Micro-radiocarbon dating in a previous study (Bohleber,
Hoffmann, and Kerch, 2018) revealed a strong age gradient within a sampled profile
of ~ 2 m as sketched as shaded area in the right part of Figure 2.2. The revealed age
ranges between 1248 years BP (block 1-2) and 3138 years BP (block 1-9). Even older
ice with age of 5387 years BP can be found further inside of the glacier cave.

The two uppermost and thus youngest blocks 1-1 and 1-2 with weight of ~ 5 kg
were obtained using a chainsaw. Prior to the sample collection, the outermost layer
exposed towards the tunnel has been removed to avoid contamination via cracks or

melt water.

2.1.2 Schaufelferner

Schaufelferner in the Stubai Alps, Austria, is part of the Stubai glacier ski resort. The
glacier covers altitudes between 2810 m asl and 3270 m asl. The glacier tongue of
Schaufelferner is divided into two parts at the Eisgrat nunatak, an exposed ridge
of the underlying mountain. In 2013, the ice tunnel at 2870 m asl has been drilled
close to the cable car station, on the orographic right side of the nunatak. To pro-
tect the glacier from rapid shrinking due to negative mass balance, ice exposed to
the surface is covered by sheets. The seasonal variability of englacial temperature
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FIGURE 2.3: The Schaufelferner glacier cave. A bark particle and a
larch needle have been extracted from the wall and allow for macro-
scopic *C dating. The ice blocks used for 3 Ar dating have been taken
in a later campaign and samples of required size have been taken few
meters apart from the original location. Great care has been applied to
select a layer for 3 Ar as close as possible to the layer comprising the

organic objects. The ¥ Ar dating results of 193fgg and 198J_r22 years

before 2018 CE agree with C findings (see main text). Taken from
Feng et al., 2018.

is subject to investigations and continuous temperature monitoring is currently un-
derway. The clear evidence for the retreat of this glacier means that the access to this

unique paleo-climate information reservoir is limited in time.

The glacier has undergone substantial deformation by flowing downwards from
the top yielding tilted layering without folding as can be seen in the left part of
Figure 2.3. Nevertheless, the layers are intact and are sketched in the right part of
Figure 2.3. In this glacier cave, the rare finding of macroscopic objects of organic ori-
gin, a bark fragment and a larch needle, allow for conventional radiocarbon dating
to constrain the age of the glacier ice (Hoffmann, 2016). The *C ages of the bark and
needle are 375 — 532 years BP and 505 — 632 years BP at 68 % and 48 % probability
respectively. The ice is therefore expected to be in the mid-range of the accessible
time scale by ¥Ar. The sampling strategy in this glacier caves was to obtain two
suitable ice blocks of the same layer in close proximity to the organic material. For
radio-argon dating, the two adjacent blocks 17-1 and 17-2 were cut within one layer
with roughly 4 m horizontal distance from the macroscopic particles as sketched in
the right part of Figure 2.3.

2.2 Sample Preparation and Argon Extraction

The samples have been transported as ice blocks from the glacier sites to Heidelberg
and were stored in a storage room at —20 °C at the Institute of Environmental Phy-

sics.
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/ Schaufelferner A

§ Schaufelferner B

FIGURE 2.4: Preparation of Schaufelferner ice. The two adjacent ice
blocks originated from the same layer hence the same age was ex-
pected. The core parts were obtained by carefully removing the out-
ermost layer of both blocks and yield the Schaufelferner A sample.
The removed layers were combined to Schaufelferner B sample. The
so prepared samples were suitable to test the sampling method by
chainsaw and the necessary degree of decontamination, i.e. if the out-
ermost layer has to be removed.

The Titlis ice blocks 1-1 and 1-2 were expected to have strongly different *Ar
concentrations due to the preexisting age constraints. They were prepared follow-
ing a conservative decontamination approach by removing the outermost layer of
the ice block. By this method, the risk of mixing by modern air due to cracks in the

ice or refrozen meltwater is minimized.

The Schaufelferner ice block 17-1 and 17-2 were taken next to each other from
the same layer thus no significant age difference was expected. They were prepared
by two different approaches as shown in Figure 2.4. A cm-thick layer from both
ice blocks was removed and the obtained core parts were combined to the sample
Schaufelferner A. To test the necessary degree of decontamination and the required
effort while sampling, the removed surface layers were collected, cleaned of sections
evidently containing refrozen ice and combined to the sample Schaufelferner B.

The results discussed in the next section yield no difference of the 3 Ar concentra-
tion in samples A and B hence not much ice needs to be removed to prevent modern
air contamination. Convenient and handy ice block sizes of ~ 5 kg are sufficient and

can be obtained by convenient chainsaw sampling.

For further sample processing, the ice had been melted in a high-vacuum envi-
ronment and released air from the last millennium was collected. A two-step extrac-
tion and purification by titanium sponge getters was applied to retrieve the desired
argon gas. More details on the performed ice preparation can be found in Hopkins,
2018.
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2.3 ArTTA Measurements

The prepared argon samples are measured using the ultra-sensitive ArTTA method
which is capable of resolving the 3 Ar concentrations on the part-per-quadrillion
level. The techniques from the field of quantum optics are applied to control and ma-
nipulate the desired isotope solely in an ultra-high vacuum environment. Although
a single resonant optical excitation is not sufficient to overcome the huge difference
in abundance, multi-photon scattering solves this issue. The working principle of a
magneto-optical trap (MOT) unifies this crucial process conveniently with fluores-
cence light suitable for detection. The very rare abundance of the radio isotope leads
to only a few detected thus trapped 3 Ar atoms per hour and requires measurements
as long as 20 hours for sufficient statistics.

2.3.1 Description of the ArTTA Setup

A simplified scheme of the ArTTA apparatus is shown in Figure 2.5. The purified
argon gas sample is first compressed into a buffer volume to compensate for differ-
ent sample sizes while obtaining a constant flow into the main apparatus. Argon
needs to be prepared for laser cooling since the first excitation level lies deep in the
vacuum ultra-violet (VUV) and beyond practically obtainable optical wavelengths.
An rf-discharge provides enough energy to excite the atoms to a metastable state
(Ar*) where convenient optical transitions in the near-infrared (NIR) exist. Liquid-
nitrogen cooling is applied to reduce the initial velocity of the atoms.

The core of ArTTA is a magneto-optical trap (MOT) two and a half meters down-
stream. The capture velocity of the MOT is a few tens of meters per second. A
crucial part is therefore decelerating the atoms down from thermal velocities. This
cooling process has to compensate for optical Doppler shifts and is performed by a
Zeeman slower (ZSL). Atoms exiting the ZSL have kinetic energies low enough to be
captured in the potential well provided by the MOT. There, millions of photons are
scattered resonantly in a spatially confined region and yield perfect selectivity with
fluorescence light as a byproduct that is used for the detection of single 3° Ar atoms.

The flux into the small detection region is further increased by two transverse
laser cooling stages. The first stage collects the divergent atoms from the effusive
source and collimates them into a beam. The second stage compresses the beam into
the trappable MOT area. To reduce off-resonant scattering in the detection region,
the huge isotopic background of abundant *°Ar is deexcited to the ground-state by
an additional laser. The fluorescence of this process provides a direct signal for flux

monitoring.



2.3. ArTTA Measurements 17

embedded 3°Ar
in vacuum walls

flow fluorescence
control *0Ar detection
deexciting

‘ Iongltudlnal
cooling
I e 39
40 px =407 @ 4O0Ar

antenna magneto-optical

trap
transversal .
flux monitor

cooling

sample recycling

/ |\39Ar 39Ar
1V39ar 39ar =

39Ar 3°Ar 3°Ar 3°Ar

39Ar 3%Ar 3°Ar 3°Ar

buffer volume sample sample pump
inlet outlet

FIGURE 2.5: Setup of the Argon Trap Trace Analysis. (1) The sam-
ple is compressed into a buffer to compensate for different sample
volumes. (2) Argon is excited into a metastable state for convenient
optical transitions at 812 nm. (3) Transverse laser cooling is applied to
increase the 3 Ar flux into the detection region. (4) “°Ar is deexcited
to the ground state and provides a signal for flux monitoring. (5)
Longitudinal laser cooling slows the thermal atoms down to tens of
meters per second. (6) Single 3 Ar atoms are captured in a magneto-
optical trap and the fluorescence is monitored by a photodiode. (7)
Several turbo-molecular pumps (TMP) collect the gas from the appa-
ratus. The sample is cleaned by a getter pump and is re-compressed
to the buffer volume. (8) Enriched 3°Ar out-gasses from the vacuum
walls and contaminates the sample. This effect scales with volume
and limits the analysis for smaller samples. Taken from Feng et al.,
2018.
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Several turbo-molecular pumps (TMP) collect the sample and a Non-Evaporable
Getter removes any non-noble gas contribution due to out-gassing of the vacuum
apparatus. The reclaimed and restored gas is compressed into the buffer volume
again thus enabling full recycling of the sample. Due to this, the required sample
size is reduced by several orders of magnitude and in principle, volumes below
0.1 mL STP argon can be handled by the setup. However, the practical sample size
of the current ArTTA setup is limited by out-gassing of embedded enriched *Ar
and accumulation of these atoms over time leads to an increasing background thus
the integration time is limited. This is discussed in the following section.

2.3.2 Analysis of Sample Concentration

The analysis of  Ar concentration in a sample is biased by a contribution of previ-
ous embedded 3’ Ar atoms and their out-gassing during a measurement. This argon
gas enriched in % Ar can be attributed to a long-term memory effect, commonly re-
ferred to as "contamination", and a short-term memory effect, commonly referred to
as "cross-sample contamination". More details concerning the origin and contribu-
tion of both effects can be found in Ebser, 2018.

In the scope of this work, a simplified model is used by assuming a constant
out-gassing rate doyt. The additional ¥ Ar atoms are diluted by the sample volume
Vsample- This artificial concentration is increasing linearly in time and has to be added

to the sample concentration csample yielding the time-dependent concentration

a
c(t) = Csample + v out 4. 2.1)
sample

A rate equation can be formulated by using the reference count rate Ay and inte-
gration over time t = T, leading to the total number of detected atoms

1 Aout
Niotal = CsampleT +5

T2 - Ao. 2.2
2 Vsample ( )

The two independent parameters a,,: and Ag have to be experimentally deter-
mined. An 3°Ar free sample is used to infer the parameter ag. This sample with
basically zero concentration has been provided (in sufficient amount) by the dark
matter research collaboration Darkside (Agnes et al., 2016). With this, equation 2.2
yields the number of background atoms

1
fout 2 .. (2.3)

Nbackground = V. .
sample
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FIGURE 2.6: Time line of the ice dating project. In between sample
measurements (circles), the two important parameters for the out-
gassing rate aout and modern count rate Ag have been inferred from
background (triangle) and reference measurements (stars). The appa-
ratus has been operated in weekly measurement runs and the refer-
ences of the runs are averaged to a local mean reference. The buffer
volume has been replaced to handle sample sizes as small as 0.5 mL
STP argon as in the case of Titlis. Additionally, a sample from the
local waterworks Entensee has been analyzed.

The modern count rate Ay can be inferred independently by using samples of
known concentration cgample- For this purpose, a new reference sample c19x with
10x enrichment in ¥ Ar compared to modern concentration has been established
in Ebser, 2018. It uses argon gas highly enriched in >’ Ar that has been provided by
(Williams et al., 2017) in the scope of an intercomparison study. The high enrichment
leads to convenient short measurement times where the second term in equation 2.2
can be neglected. The number of these reference atoms is then

Nreference = ciox I~ )\O (2.4)

thus providing a direct method to determine Ay.

2.3.3 Measurement Runs and Time Line

Reference and background measurements have been performed multiple times along-
side sample measurements and the time line of the ice dating project is shown in
Figure 2.6. The buffer volume has been changed during that period to analyze sam-

ples as small as 0.5 mL STP.

The apparatus has been operated in a weekly cycle and the mean of all references
of such a measurement run has been used as local reference. In principle, this can
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TABLE 2.1: Results of glacier ice dating

sample name conc. [%] age [a] atoms (bg) T[h] V[mL] Wtl[kg]

Titlis 1-1 257192 5271112 50 (26) 20.00 0.5 43
Titlis 1-2 55725 112675756 31(25) 20.00 0.6 4.2
Schaufel. A 60.87g7 193722 92(13) 2230 1.7 6.7
Schaufel. B 60.0%5%" 19878 66 (10) 1950 14 5.9

be done directly by applying equation 2.4 due to the good counting statistic by the
typical high number of hundreds of detected atoms. But consequently for all mea-
surements, a more advanced Bayesian analysis of the probability density function
from Ebser, 2018 is used to infer the most probable reference and therefore modern
count rate Ayg.

The contribution of the background is inferred from all measurements with the
3 Ar free sample. The most probable value is again calculated by a Bayesian analysis
of the probability density functions. Notably, the out-gassing rate ay is not affected
by the change of the buffer volume and only depends on the actual sample size.

The raw data of the sample measurements, i.e. detected 39 Ar atoms, have been
analyzed using the statistical model described in equation 2.2 by employing the ex-
perimentally determined parameters. In the scope of this work, the most probable
values for the concentration and uncertainties corresponding to the 1¢ confidence

interval containing 68.3 % of measurements are reported.

2.4 Radio-argon Dating Results and Discussion

The extracted argon from the ice samples has been analyzed according to the method
described in the previous section and the results are shown in Table 2.1.

The 3 Ar ages can be put into context with the existing age constraints given by
the two different *C dating techniques, i.e. microscopic and macroscopic, and the
relative age control via stratigraphy in both caves.

For the ice blocks from Chli Titlis, the ArTTA results correspond to the old end
of the time span accessible by ®Ar. The ¥Ar ages of 5271112 years BP for block 1-
1 and 1126172 years BP for block 1-2 yield a minimal age difference of 207 years
BP. These two adjacent blocks span a total height of ~ 35 cm and the results are in
agreement with what is expected due to the microscopic *C ages. The block 1-2 has

been radiocarbon-dated to 1248 — 1373 years BP and block 1-9 to 2929 — 3138 years
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BP, yielding an age gradient of 10 — 12 years/cm. The material used for micro-
radiocarbon dating of the ice samples has been prepared with combustion tempera-
tures of ~ 800 °C and is also subject for reservoir effects. The radiocarbon ages are
thus regarded as upper age limits (Hoffmann et al., 2018; Bohleber, Hoffmann, and
Kerch, 2018). Furthermore, the visual stratigraphy of the near-horizontal layering
provides an important relative age control thus constraining block 1-1 to younger
ages than block 1-2, excluding layer folding of the glacier ice. This is again a match
by the radio-argon findings which even reveals the previous unknown age of block
1-1.

The % Ar dating results for the ice from Schaufelferner glacier are mutually con-
sistent and reveal argon ages of 193722 years BP for sample A and 198 years BP for
sample B. They match the *C dating results based on reasonable glaciological con-
siderations of the sampling location. The very rare organic findings originate from a
neighbouring layer and are conventionally radiocarbon dated to 375 — 532 years BP
for the bark particle and 505 — 632 years BP for the larch needle. The probabilities are
68 % and 48 % respectively and arise mainly due to ambiguities in the calibration of
14C ages within the time period. The reported values are the most likely age ranges
calculated by OxCal v4.3.2 (Bronk Ramsey, 2017) using the IntCall3 atmospheric
calibration curve (Reimer et al., 2013). More details can be found in Hoffmann, 2016
and Appendix A. Additionally and regardless of calibration issues, the 1*C dating
results of the macroscopic particles have to be considered as upper age estimates
due to potential delayed deposition into the glacier ice after their creation.

The radio-argon dated ice samples agree with the preexisting knowledge and
constraints thus confirming the ArTTA ice dating method for the mid- (Schaufelferner)
and far-end (Titlis) age range. The A and B sample from Schaufelferner further im-
ply that convenient sampling by chainsaw is possible and that practical sample sizes
of ~ 5 kg are sufficient. Micro-cracks due to the method are not significant and sam-
ple preparation needs only to remove those parts evidently containing modern air.

The argon age at Titlis provides further information about the uppermost block
that has not been accessible by radiocarbon dating. The results at Schaufelferner
support the existing presumption that the ice is a remnant of the 1850 glacier maxi-
mum thus originates from the Little Ice Age glacier advance.

2.5 The Future of Glacier Ice Dating with ArTTA

Glaciers are unique archives of climate signals and have recorded information of
past times on a quasi-continuous basis, both in high-altitude regions (Haeberli and
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Alean, 1985) and at summits of lower altitudes (Haeberli et al., 2004). The valu-
able information is stored in a very limited amount of space thus leading to hard
restrictions on sample size. It is conceptually different from other research fields as
groundwater studies (Ritterbusch et al., 2014) and oceanography (Ebser et al., 2018)
that have been addressed by ArTTA so far, where quasi-unlimited sampling from the
reservoir of interest is possible but limited by logistical and economical demands. In
the case of alpine glaciers, the necessary and requested spatial resolution limits sam-
ples down to a few kilograms of ice which is a thousandfold reduction of required
sample size for low-level counting (Collon, Kutschera, and Lu, 2004).

The European Alps are of special interest for ArTTA as they feature suitable age
ranges, excellent logistics for sampling and allow for multi-proxy reconstruction of
the Holocene climate based on instrumental and historical climate records (Dobro-
volny et al., 2010). The full potential of 3 Ar dating manifests for the last millennium,
where no other tracer is reliable. Remnants of the Little Ice Age fall into this range
and the interpretation of ice layers and glacier dynamics helps to understand the
highly complex climate patterns of this period (Feng et al., 2018).

In order to address the imposed questions and to cover requirements of analysis
on a more frequent basis, current developments aims for higher sample throughput.
The setup of a second apparatus is the result of this high demand on radio-argon
dating with small samples.

Furthermore, the retreat of glaciers since 1850 (Meyer et al., 2014) endangers this
exclusive climate archive and a visual example of a vanishing glacier over time is
shown in Figure 2.7. The glacier surfaces of the sampling sites of this pilot study are
already covered by sheets to minimize ice melt. In that sense the breakthrough of
radio-argon ice dating with ArTTA has been achieved just in time to study especially
those sites in danger before the stored climate records are lost forever.



2.5. The Future of Glacier Ice Dating with ArTTA 23

FIGURE 2.7: Photographs of Great Aletsch Glacier, Switzerland from
1979, 1991 and 2002 (CC BY-SA 3.0, 2018).
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Chapter 3

Atomic Physics Fundamentals

3.1 Interaction of Atoms with External Fields

The principles of laser cooling and trapping are based on the interaction of atoms
with an external field thus providing methods to manipulate and control the atomic
behavior. The description in this section follows a semi-classical approach, where
the atom is treated quantum-mechanically and the fields are described classically. A
brief summary is presented here and more details can be found in the standard liter-
ature on this topic (Cohen-Tannoudji, Diu, and Laloé, 1977; Bransden and Joachain,
1983; Metcalf and Straten, 1999).

A simplified description for the atom is sufficient in this context, it is considered
as a two-level system with ground state |¢) and excited state |e). The field free
Hamiltonian H, operating on these states yields

Hy|g) = hwg|g) and Hyle) = hewele) (3.1)

with eigenenergies Eq = fiw, for the ground state and E, = hiw. for the excited state.

By choosing the ground state energy as zero and using wp = w. — wy. the general
state of this system is then

[9(8)) = cg(t)Ig) + ce(t)e ™™ [e) (32)

with complex time-dependent coefficients cq(t) and c,(t) respectively. Following
Born’s rule (Born, 1926), the probability of the system to be in one of the states, e.g.
the excited state, is p(t) = |{e|y(t))|> = |c.(t)]?.

External electric and magnetic fields can be described by adding their respective
terms to a total Hamiltonian H = Hy + He () + Hmag (7). In the scope of this work,
the time-dependent electric field is provided by the electric dipole of the light and
only static, space-dependent magnetic fields are considered. The time evolution of
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the system is given by the time-dependent Schrodinger equation

. 0 .
i () = Hp(t)) (33)

and describes the dynamics in the system!.

3.1.1 Atoms in Electric Fields

The general state of a two level system in equation 3.2 can be used in the time-
dependent Schrodinger equation 3.3. The electric dipole Hamiltonian H,; has only
off-diagonal elements and multiplication from the left side by (g| and (e| yield cou-

pled differential equations

. 0 & —iw,
ifircg(t) = ce(t) (g| Hale)e " (3.4)
., 0 > iw,t
zhgcg(t) = c¢(t)(e|Hel|g)e™” (3.5)

for the time-dependent coefficients c, () and c,(t) respectively. The Hamiltonian for

the electric field can be written as

A, = —dE (3.6)
by replacing the vector in the classical dipole by their corresponding quantum me-

chanical operators.

The typical optical wavelengths used for laser cooling and trapping are several
orders of magnitude larger than the electronic cloud of the atoms thus the so called
electric dipole approximation neglects spatial variations of the field over the extend
of an atom. A plane wave with amplitude Ey, light frequency w;, wave vector k and
the Rabi frequency (Metcalf and Straten, 1999)

E A
Q= % cos (kz — wyt)(e|d|g) (3.7)
then yields
Hy = |e)hQ(g| + c.c. (3.8)

at the position z of the atom.

In general, only those states that have non-vanishing Rabi frequency, i.e. (e|d|g) #
0, have electric dipole transitions and can be coupled by light thus can be considered

IThe phase evolution with wy is orders of magnitude higher than the time scales considered here.
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for laser cooling. The transitions that are allowed are dependent on the wave func-
tions |¢) and |e) for the states involved and lead to selection rules.

The coupled equations 3.4 and 3.5 can be decoupled by a further time derivative.
A second approximation neglects fast oscillations w; compared to the detuning § =
wo — wy. With the so called rotating-wave approximation, the expression for the
time-dependent coefficients yields

d? . d 0?

Ecg — zéﬁcg + Tcg =0 (3.9)
for the ground state coefficient. The probability of the ground population is given
by |ce|? and normalization of the total state leads to |c.|[* = 1 — |c4|?. The solution
of the differential equation in 3.9 is a coherent oscillation between ground state and
excited state at frequency v )% + 62, the so called Rabi oscillations.

The coherent process is not directly suited for laser cooling purposes and further

treatment has to include incoherent spontaneous emissions that occur at rate y in

: . d _ d — _7
the excited state, i.e. j;c;c. = —7ycice and jc;ce = —5c;cg. The commutator of the

total Hamiltonian with the density matrix
p= [ P Pee) [ G G (3.10)
Peg  Pee cicg cice
_ 1 0\ . . .
of the two level system with |g) — ( 0 ) and |e) — < ) > gives the time evolution

d N
h—p = |H,p A1
of the system described by four differential equations.

This leads to the optical Bloch equations

d i .

apee = —YPee + E (nge —Q peg) (3.12)
d . Yoo . i
giPes = (E - 15) Peg + QQ (0gg — pec) (3.13)

with g, = pege_"”. The remaining two equations are given by pge = 1 — p,, and

Pge = Peg- This can be solved in the steady-state with Loee = 0and 4 (pee — pgg) = 0.
The scattering rate of light, i.e. photons, in this case is then

50 i
L 3.14
Ytextsp = YPee 1+ 50 %;522 2 ( )
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with saturation parameter sy = 27%2 o I, the intensity of the light. For large sy, i.e.

high laser intensities, the scattering rate Ytextsp approaches %

Additionally, high intensities and saturation on resonance lead to power broad-
ening of the transition, increasing the effective line width by a factor of 1/1 + 5o from
the natural line width +.

3.1.2 Atoms in Magnetic Fields

The magnetic fields that are considered in the scope of this work are purely static
and the time and energy scales of the atomic movement through the field gradients
is far larger than the scales of the electric dipole interaction with the light. Thus the

contributions of the magnetic fields can be treated separately.
The coupling of the atom to the magnetic field is described by the Hamiltonian

Hmag = —fiB (3.15)

with magnetic dipole moment /i and classical magnetic field B. The magnetic mo-
ment of an atom depends on its quantum mechanical state.

The first magnetic moment is the contribution due to the orbital angular momen-
tum and its induced magnetic field as in the classical case. In quantum mechanics
however, the orbital angular momentum operator [ acts on the state |¢) and its eigen-
value is derived by solving the Schrodinger equation resulting in quantized lengths
1] = 7y/I(I+1) for I = 0,1,... and projection m; = h(—|l|,...,+|I|) onto one axis
that is usually chosen along the magnetic field direction.

The magnetic moment in field direction is then

e
=5 = %mz (3.16)

with electron charge ¢, electron mass m and Bohr magneton yp. In presence of mag-
netic fields, the degenerate energy levels split into (2] 4 1) states.

The electron spin § contributes a second magnetic moment y;. The length is
|s| = f1\/s(s + 1) and the projection to one axis is ms = fi(—|s|, ..., +|s|). The strength
of the contribution is given in units of the orbital magnetic moment by the electron
spin g-factor g yielding

Hs = &sHpMs. (3.17)
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The last contribution that is considered here is the nuclear spin I. It is treated the
same as electron spin, but using a nuclear g-factor ¢; and leads to

M1 = gIupmy. (3.18)

In the limit of a magnetic field as considered in the scope of this work, the several
magnetic moments first couple among themselves before coupling to the external
field. The largest energy scale is given by coupling [ and § to a total angular momen-
tum j = [ + 8. The resulting states with j = |l — s|,..., |l + s| yield the fine structure
of the atom.

The total angular momentum j then couples with the nuclear spin [ to £ = j + I.
The hyperfine structure consists of the states with F = |j — I|, ..., |j + I| with F being
a good quantum number in the limit of weak fields?. The total magnetic moment
fl = fi; + fls + fi1 then couples to the magnetic field.

The energy shift of the ground and excited state due to magnetic fields is small
in the case of noble gases and replaces the field free states |g) and |e) by their new
eigenstates |g(7)) and |e(7)). It can be therefore considered as space dependent shift
of the resulting resonance frequency by

AE = —(mege — MgQe) BB = — B (3.19)

with effective magnetic moment y.s and g-factors g, and g, for ground and excited
state respectively. The resulting shifts in the frequency are on the order of few to
several hundreds of megahertz and small compared to the terahertz electric dipole

transition frequencies.

3.1.3 Force on a Two-level Atom

The force on a particle in classical mechanics is given by the negative gradient of its
potential energy. The expectation value of the quantum mechanical operator has to
represent the classical case (Ehrenfest, 1927) and yields

(F) = = (VHpot) = — (VHmag) — (VHal) . (3.20)
The first term is the magnetic gradient force <Fmag> = <V (ﬁ§>> and is not dis-

cussed further in the scope of this work since it is comparably weak °. The gradient
of the electric field Hamiltonian can be evaluated using the Rabi frequency (2 and

2A more general description is given by the Breit-Rabi formula. In presence of high fields, Paschen-
Back effect decouples the several angular momenta and couples them directly to the external field
(Griffiths, 1995; Scheck, 2007).

3The magnetic force becomes important for energy scales where laser cooling is not feasible due to
the recoil limit (Pritchard, 1983; Bergeman, Erez, and Metcalf, 1987).
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leads to
— (VHq) = =V (Ha) = =V (Tr (0Hea) ) = iV Op;, + c.c. (3.21)

employing again the electric dipole approximation and rotating wave approxima-

tion.

The resulting force depends on () thus the exact form of the applied light field. In
case of a travelling wave that is considered here, the gradient of the Rabi frequency is
VQ = ikQ*. Deploying the optical Bloch equations leads to the so called scattering
force

. . S0
Frextsp) = hk (1Qp}, — iQ* = hky——————5 = hkypee- (3.22)
< ex sp> ( ng pge) 1+ so+ % Oee

It can be seen as the recoil p = Tk of a single photon at a scattering rate Yextsp =

Ypee thus the time derivative of the momentum.
A further description of the force has to include the optical Doppler shift

5textD0ppler = _E ‘U (3.23)

due to the change of the laboratory frame laser frequency in the frame of the moving
atoms. The resonance frequency itself is changed due to external magnetic fields and

shifts the transition by

Smag = — <tp (3.24)

with effective magnetic moment j¢s and field strength B. The total force deployed

for laser cooling and trapping in the scope of this work is then

50
4(0—ko—"eft B)2
,),2

<Ftextsp> = hk')/

(3.25)
1+ s+

3.2 Atomic Physics Properties of Argon and Krypton

3.2.1 Electron Configuration and Coupling Scheme

The noble gases argon and krypton have fully occupied electronic shells with the
outermost shell consisting of s and p valence electrons as in all of the main-group

elements. The ground-state configuration for the 18 electrons in argon is

4The rotating wave approximation has been used for this (Metcalf and Straten, 1999).
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1s%25%2p®3s?3p® (3.26)

and for the 36 electrons in krypton is

1s225%2p°3s%3p°®3d ' %4s24p° (3.27)

with principal quantum number n and orbital angular momentum [ = 0,...,n — 1.
The nearest levels above the ground state correspond to the excitation of an electron
from 3p — 4s in argon or 4p — 5s in krypton, resulting in

1s22522p®3s23p°4s (3.28)

for argon and

1522522p®3s23p®3d'%4s%4p°5s (3.29)

for krypton.

The remaining five 3p electrons in argon or 4p electrons in krypton have strong
spin-spin and orbit-orbit interactions, leading to the LS-coupling of total spin §b0dy =

Z $; and the total angular momentum ﬁbody = ZE to
1 1

fbody = tbody + gbody- (3.30)

The configuration can be derived using Hund’s rule and gives

which uses the rule of maximum multiplicity so that the m; are as parallel as pos-
sible without violation of the Pauli exclusion principle. The m; are then chosen to

maximize ﬁbody and yield

R 1
Sbody = 5 (3.32)

and

Looay =1 (3.33)

for the remaining body of five 3p or 4p electrons. The other fully occupied shells
have vanishing orbital and spin angular momentum and are therefore not contribut-

ing to this.

The excited electron can be described by Racah-coupling due to the strong shield-
ing of the core electrons and the resulting weak bonding of the excited 4s electron in
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argon or 5s electron in krypton leads to large distances from the core. The orbital and
spin angular momenta then couple separately to the body. The angular momentum
L of the excited electron and the total angular momentum fbody of the body couples
to

R = fpoay + L. (3.34)

The spin S of the excited electron couples to a total angular momentum

j=RK+S. (3.35)

Further excitation of the 4s or 5s electron in argon and krypton is possible by
near infrared laser light. The used closed transition for laser cooling at 812 nm is
1s5 — 2p, in Paschen-Notation and has the quantum numbers

1 1 3 3
n = 4,L = O,S = EISbOdy = EILbOdy = 1/]body = EIK = E and ] =2 (336)

for the 1s5 (ground) state and
1 1

3 5
n = 4,L = 1,5 = E’SbOdy = E/Lbody = 1/]body = EIK = E and ] =3 (337)

for the 2p, (excited) state.

3.2.2 Effective Magnetic Moment

In presence of magnetic fields, a good description is given by including the excited
electron to the LS-coupling. The total orbital and total spin magnetic moments of
body and excited electron are Liot = ibody + L and St = §body + S. In the weak
tield limit, they first couple to J = Liot + Stot Which then couples to the magnetic
tield.

The magnetic moment is

ii; = giusf = grpr Lot + gspsStor = fir + s (3.38)

with g1 = 1 by definition and the electron g-factor gs = 2.002.
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An expression for g; is then derived by

g]f~fszitot-f+gs§tot~f=gLf~ ttot‘f‘gsf' gtot

2+ Ltot g’%ot i 2+ Stot L3 (3.39)
— 3L 2 8s 2
and leads to
g = gL](] +1) 4 Liot(Ltot + 1) — Stot(Stot + 1)
! 2J(J+1) (3.40)
I gs](] +1) + Stot(Stot + 1) — Liot(Liot + 1)
2](J+1)

The effective magnetic moment of the 1s5(] = 2) — 2p, (] = 3) transition in °Ar
and 34Kr is

Heft = (mege - mggg)ﬂB (341)

with ¢o = 1.5012 and g, = 1.3341. This yields an effective magnetic moment of
Hefigo = M for the o transition mgy = +2 — m, = +3.

N

A nuclear spin [ can be added by F = [ + [ in the weak field limit. The g-factor
gr is then

F(F+1)+J(J+1)—I(I+1)

§F =8 2F(F+1)
(3.42)
LM, FF+1)+I(I+1)—-J(J+1)
m,S! 2F(F+1)

with the mass ratio of electron and proton % = ﬁ, nuclear spin I =  and nuclear
g-factor g = 1L 21 = 0.45538 for P Ar.

The F = I — F = L transition in * Ar has the same effective magnetic moment
Hefi39 = Mp as for the even isotopes. Concerning the design of the magnetic fields,
this is convenient for switching between the different isotopic species.

3.2.3 Multi-level Structure of Noble Gases

The discussion of laser cooling and trapping so far has focused on a simplified case
of a two-level system but most atomic systems such as noble gases have a complex
level structure. A common approach to use the derived formalism is to consider an
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effective two-level system that can be approximated under certain conditions.

In the case of noble gases, the many levels due to principal quantum number
and fine structure have energy differences far beyond the addressable range of the
narrow-band laser light and are therefore of secondary importance for laser cool-
ing and trapping. They nevertheless play a crucial role in the first excitation to
a desired long-lived state (Phelps and Molnar, 1953) or for more advanced opti-
cal pumping processes (Young, Yang, and Dunford, 2002; Hickman, Franson, and
Pittman, 2016). Figure 3.1 shows the lowest four s-states and the lowest ten p-states
above the ground state of 40Ar. The selection rule A] = 41,0, but 0 — 0 is forbid-
den, excludes certain transitions and yields a convenient metastable state 1s5 with
] = 2 where a closed transition to 2p, with | = 3 exists. This transition at 812 nm is
used as the cycle for cooling and trapping.

The hyperfine splitting of odd number noble gas isotopes has to be considered
and Figure 3.2 shows the levels for the cooling transition of 3 Ar. The energy shifts
are in reachable ranges of the laser light and this leads to occasional excitation into
the wrong state. This loss channel is small but because millions of photons are scat-
tered, it has to be closed by additional repumper frequencies. Since the branching
ratios for the used transition in noble gases are in the order of 1073, the splitting in
case of noble gases is negligible for the effective two-level system.

The effect of a magnetic field on the projected total angular momentum quantum
number mj or mr leads to a lift of the degeneracy and additional levels in the oth-
erwise effective two-level system. This is the Zeeman splitting and the energy shifts
are shown in Figure 3.3 for the cooling transition of 3Ar. The different effective
magnetic moments j¢ for ground and excited state lead to a shift of the resonance
frequency of those states. An effective two-level system can be obtained by using
circular light with ¢ or ¢~ polarization. The excitation in this case has to fulfill
Amjr = £1 and a closed circle is given for the stretched states m; = 2 — m; = 3
and mp = 5 — mp = £ for **Ar and 3 Ar respectively.

3.3 Devices and Techniques in Atomic Physics

The devices to produce and control the narrow-band light required for laser cooling
and trapping are the building blocks of Argon Trap Trace Analysis. This section pro-
vides a brief description of the employed techniques.
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FIGURE 3.1: Fine structure of *Ar. The ground state, the four lowest

s-states and the ten lowest p-states of the excited electron are shown
and labelled in Paschen notation. The possible transitions due to the

£1,0 are shown and yield a metastable state 1ss.

This is chosen as the quasi ground state of the laser cooling cycle. The

selection rules AJ

transition to 1pg is closed since the selection rule forbids any dipole
transitions except back to the metastable 1s5 state. Taken from Welte,

2011.
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FIGURE 3.2: Hyperfine structure for 3 Ar. The hyperfine splitting of

the cooling transition 1s5 — 2p, is shown with the respective energy

shifts. An approximation of an effective two level system is the transi-

tion from F = 12—1 — F = % where the loss channels have been closed
by additional repumper frequencies. Taken from Welte, 2011.
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FIGURE 3.3: Zeeman splitting for **Ar and ¥Ar. In presence of ex-
ternal magnetic fields, the m; or mp sublevels are shifted according to
their effective magnetic moment p.g. This changes the resonance fre-
quency since the g-factors for ground and excited states are different.
Circular light with o™ or ¢~ polarization has to fulfill the selection
rule Amj p = 41 and is used to restore the two-level system by using
the outermost states as a closed transition. Taken from Welte, 2011.

3.3.1 Doppler-free Saturation Spectroscopy

The narrow-band laser light that is generated by external-cavity diode lasers has
to be tuned to an exact reference frequency before further processing. A common
method is to lock the laser to an atomic transition and in the case of noble gases, it
is usually the chosen cooling transition of an abundant isotope in a plasma spectros-
copy cell. A hindrance is the thermal velocity that is several orders of magnitude
higher than the natural line width thus suppressing the latter.

To extract the natural transition line width a Doppler-free saturation spectros-
copy setup (Hansch, Schawlow, and Series, 1979) is deployed as shown in Figure 3.4.
The incoming light is horizontally polarized and passes a polarizing beam splitter.
It is scanned over the resonance and is absorbed by the metastable noble gas in a
plasma spectroscopy cell. The retro-reflected light is vertically polarized as it has
passed a quarter-wave plate twice and gets absorbed again. Light that is detuned
from atomic resonance will address different velocity classes but resonant light will
address the same atoms on both passes. If the optical intensity is chosen close to
saturation for the first beam, the second will show reduced absorption and yields
the natural line width as the so-called Lamb dip.

The signal can be detected on a photodiode using a lock-in amplifier as phase
sensitive detector (Bjorklund, 1980). For this, the laser current is modulated at a

frequency wmng in the range of kHz, the laser frequency is then

w = w; + Asin(wmeqt) (3.43)
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FIGURE 3.4: Schematic view of the Doppler-Free saturation spectros-

copy. The laser light is scanned over the resonance, but the movement

of the atoms yields Doppler broadening several orders of magnitude

larger than the natural line width. The retro-reflected light addresses

atoms of different velocity classes for all detunings except the atomic

resonance. The transition is saturated by the reflected light and the
natural line width is then visible as Lamp dip.

with modulation depth A small compared to w;. The intensity of the spectroscopy
light follows the Beer-Lambert’s law” and yields

I(w) — Ioefa(w) _ Ioe*“(WlJFASin(Wmodt)) (344)

with the frequency dependent absorption coefficient a (w) holding the spectroscopic
information, i.e. the Doppler broadening and the Lamb dip. The Taylor expansion

around w; leads to
dI(w)
dw | _
T (3.45)

da(w
dw

I(w) = I(wy) + Asin(wmodt)

~—

= I(wl) (1 —A Sin(wmodt))

w=w

A phase sensitive detector as the lock-in amplifier suppresses all but signals at
Wmod and yields an output proportional to %. The final signal is thus propor-

tional to the derivative of the spectroscopy signal.

The resulting zero-crossing of the Lamb dip can be used as an error signal for a
PID-loop to lock the laser exactly onto the atomic transition.

5This holds only in the case of non-saturated absorption. For simplicity, the absorption length L has
been included into the absorption coefficient a(w).
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FIGURE 3.5: Schematic of the electric circuit for offset locking. The
difference of the reference frequency wyf and the offset frequency w
yields a beating of the intensity. This is typically at several hundred
MHz and is mixed subsequently by the signal of a voltage controlled
oscillator with frequency wyco, yielding the sum and difference of
both frequencies, where the former is suppressed by a low pass fil-
ter. The resulting frequency wyes — Wost — Wveo Of few MHz is split
to add a phase shift of ¢ = (wWref — Woff — Wyeo)T to one path with
propagation time 7. Recombining yields the sum and difference of
both signals where the former is again suppressed by a low pass fil-
ter. The final signal is a DC signal proportional to the beating on the
photodiode that can be used to lock the second laser to the reference
laser.

3.3.2 Offset-Locking to a Reference

Once a reference laser is locked to a known frequency, i.e. an atomic transition, other
lasers can be locked to the light with offsets up to GHz. An electronic circuit to pro-

cess the signals is described in Schiinemann et al., 1999.

Figure 3.5 shows the scheme of the deployed setup. The reference laser with
the frequency wyef and the second laser with the frequency w. are overlapped on a
photodiode. The detected intensity is modulated at the beating frequency of

Wheat = Wref — Woff- (3.46)

This is between a few MHz up to GHz and is mixed with the output of a voltage
controlled oscillator at wyc,. The oscillating signal is

. . 1
I o sin(Wpeatt) Sin(wyeo) = 5 (cos((Wpeat — Wyeo)t) — OS((Wpeat + Wveo)t))  (3.47)

and includes the difference and sum frequencies of the input signals.

They are separated by a low pass filter and the latter at the frequency wpeat — Wyco
is split into two paths by a directional coupler. One path is delayed and yields a
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FIGURE 3.6: Schematic of a double-pass acousto-optical modulator

setup. The incoming light at the frequency w is diffracted into the first

order by an acousto-optical modulator at the frequency A. This de-

tuning is added to the light frequency twice by retro-reflection so that

the outcoming light is at w + 2A. The small aperture of the acousto-

optical modulator requires focusing by a lens and retro-reflection by
a curved mirror obtains the laser beam profile.
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phase shift
¢ = (Wheat — Wyeo)T (3.48)

where T is the propagation time through the delay line.

Subsequent mixing yields the sum and difference frequency of both paths and a
low pass filter is used to suppress the sum. The final signal is free of fast oscillations
Wheat — Wyeo and is instead a DC signal proportional to sin(¢). The phase itself is
proportional to the beating of the two laser frequencies. The DC signal shows any
changes of wpeqt and thus can be used in a PID-loop to lock the second laser to the
reference laser.

The offset lock provides a convenient method to change the isotopic species as
the laser can be set to the different cooling transitions. The further detunings to com-
pensate Doppler shifts at the different atomic optical devices can be added relative
to the cooling transition by acousto-optical modulators.

3.3.3 Frequency Shifting

The light provided by the laser has to be processed further for several atomic opti-
cal devices to compensate mainly for Doppler-shifts and add optical repumper light
at the exact transition frequencies. A common method is to use an acousto-optical

modulator in double-pass configuration.

Figure 3.6 shows the schematic of the deployed setup. The light has to be focused
into the small aperture region. The distance from the lens and the acousto-optical
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modulator is chosen as the focal length so that plane wavefronts enter the modula-
tor. The modulator is driven by an acoustic wave at frequency A that will diffract
the light due to density modulations inside the crystal. The first order diffraction
has the detuning A added to its optical frequency and retro-reflection adds another
detuning A which leads to a frequency w + 2A that leaves the setup.

A spherical mirror is used to reflect the beam, so that the beam shape of the out-
coming light remains unchanged. The incoming polarization is aligned horizontally
and passes the polarization beam splitter whereas the retro-reflected light has passed
a quarter wave plate twice yielding vertical polarization that is reflected by the same
beam splitter.
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Chapter 4

A New Apparatus in a
Self-sufficient Laboratory
Container

The unique dating range of 3 Ar has been acknowledged and praised for decades
(Loosli, 1983) but the possibility of a broad application has been demonstrated only
through recent successful environmental studies with Argon Trap Trace Analysis
(Ritterbusch et al., 2014; Ebser et al., 2018). These experiments have reignited a huge
demand on radio-argon dating with samples as small as 0.5 mL STP argon corre-
sponding to liter-sized water samples or ice blocks of a few kilograms. More capac-
ity, i.e. another apparatus, is required to meet the resulting need for higher sample
throughput while enabling a further development of the method. The new setup in
a self-sufficient laboratory container that has been built in the scope of this work is
described in this chapter.

4.1 Overview of the ArTTA Modules

OPTICS MODULE ATOMIC MODULE
stable/narrowband diode lasers high throughput source chamber and
and semiconductor amplifiers ultra-high vacuum for MOT detection

fiber optics
delivering light
to the vacuum

highly controlled environment

FIGURE 4.1: The modules of ArTTA. The optics module consists of
a laser setup and the frequency shifting. The produced optical light
is delivered by fibers to the atomic module. This module consists of
atom optical components and a vacuum setup. The apparatus is in a
highly-controlled environment to minimize influences from outside.

generation of frequencies with
acousto-optic modulators

optical setups for laser
cooling/trapping/detection

Figure 4.1 shows an abstract view of the project by dividing necessary compo-
nents into several modules and sub-modules. The following sections describe the
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planning and setup of these individual modules. The functionality and interaction
of all modules together is demonstrated in the last section by the first magneto-
optical traps of argon (**Ar) and krypton (3*Kr) in the new laboratory container.

4.2 Highly Controlled Environment

The experiences gathered over years by the prototype apparatus show that minimiz-
ing the disturbances in the laboratory is a key prerequisite for a successful operation
and thus reliable radio-argon dating. The existing laboratory is actively temperature
stabilized (Ebser, 2018) and dehumidified, aiming to keep the same conditions over
months of operation. A self-contained laboratory has been designed to continue and
further improve this approach by adding 15 cm of insulation and 5 cm of sound-

proofing material to the outer wall.
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FIGURE 4.2: Ground plan of the laboratory container. The location
inside the experimental hall has been chosen such as to minimize the
exposure by the sun through the east and west window fronts. Elec-
trical power, cooling water and compressed air are provided through
cable ducts in the hall and openings in the floor of the container. Lig-
uid nitrogen can be stored outside and fed through the wall. The
more sensitive laser system is in an extra room with additional air
conditioning to reduce disturbances by routine maintenance in the
future.
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The location inside the experimental hall next to the Kirchhoff-Institute for Phy-
sics is shown in Figure 4.2. The position of the container has been chosen to mini-
mize the sun exposure through the west and east window fronts, the latter is mostly
covered by surrounding buildings. The experimental hall supplies access to electric
power, cooling water, and compressed air through cable ducts below ground and
openings in the container floor. Up to 55 kW of electrical power can be provided.
Liquid nitrogen is stored outside and inserted by pumping it to feedthroughs that
are placed at height of 2.2 m.

The laboratory container is divided into two air conditioned rooms. The first
room provides enough space for two apparatuses consisting of a vacuum chamber,
several turbo-molecular pumps and the necessary atom optical devices. A double-
leaf door has been used for the installation of the larger objects while a smaller door
provides access once the apparatus is running. The air and evaporated nitrogen is
extracted through a pipe that is connected to the ventilation system of the experi-
mental hall. The second room is designed for the laser setup and is separated so that
routine operations such as sample change can be performed without an unnecessary
disturbance of the more sensible parts. Optical glass fibers are used to transport the
cooling and trapping light from the laser room to the atom optical devices.

The container was manufactured by Algeco and it was split into two containers
for their delivery on trucks. A construction team and our mechanical workshop in-

stalled the container in December 2016 using the crane of the experimental hall.

Figure 4.3 shows the delivery and installation of the container. The two parts
were assembled by connecting the electrical wires and by a proper insulation of the
separation surface. An anti-static floor was laid and openings over the cable ducts
were cut out. The final inspection and approval were done after the two days of

setup and Figure 4.4 shows the finished interior of the laboratory container.

4.3 Optics Module

A very reliable optical system is necessary for the successful operation of ArTTA,
where a single measurement runs for at least a day. A high level of long-term sta-
bility is required for environmental studies since they typically consist of several

samples that are measured in a time span of weeks or even months.

The cooling and trapping of argon isotopes in ArTTA uses the cycling transition
1ss — 2p, yielding four frequencies for the even isotopes, i.e. “°Ar and 3®Ar. The
detunings in the following are given relative to the resonance of the desired iso-

tope. The two near-resonant transverse laser cooling stages are a collimator with
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FIGURE 4.3: Photos of the delivery and setup of the laboratory con-
tainer. The manufacturer Algeco delivered the two parts of the con-
tainer on trucks. The crane inside the experimental hall, operated by
our mechanical workshop, moved the pieces to the designated loca-
tion. A construction team from the company assembled both parts
mechanically, connected the electrical wires and laid the floor with
the cut-outs over the cable ducts. After two days, the container was
ready for a final product inspection and approval.

tilted mirrors and a two-dimensional magneto-optical trap. The former is provided
with —4.2 MHz and the latter with —8.2 MHz, the same frequency as the three-
dimensional magneto-optical trap. Longitudinal cooling is also done in two steps.
A Zeeman slower uses far off-resonant light at —748.2 MHz to decelerate the atoms
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FIGURE 4.4: Photos of the finished interior of the laboratory con-
tainer. Each of the two rooms has a separate air conditioning and
a door prevents air circulation from the main room to the more sen-
sitive laser components. An anti-static floor was laid and baseboards
were applied. The walls consist of a 15 cm thick insulation layer and
a 5 cm soundproofing layer. Additionally, a hole pattern was applied
to the otherwise plain inner walls. The soundproofing reduces the
noise by other works in the experimental hall to an inaudible level.

with initial thermal velocity down to tens of meters per second. A second longitu-
dinal cooling stage, called Booster, uses light at —28.2 MHz to slow them further
below the capture velocity of the magneto-optical trap. The Doppler shift is com-
pensated by magnetic fields, a dedicated coil with increasing field in the case of the
Zeeman slower and the quadrupole field of the magneto-optical trap in the case of
the Booster.

The hyper-fine splitting of 3 Ar due to the nuclear spin I = 7 requires up to four
additional frequencies to close the transition by optical pumping. These repumper
frequencies are at —187.9 MHz, —749.5 MHz, —1172.1 MHz and —1440.5 MHz from
the “°Ar resonance (Welte, 2011; Welte et al., 2009).

All required frequencies are sketched in 4.5. The master laser is directly locked to
the 1s5 — 2p, transition of *°Ar by a Doppler-free saturation spectroscopy. A part of



50 Chapter 4. A New Apparatus in a Self-sufficient Laboratory Container

4. RP -1440.5
3. RP-1172.1
1. RP -187.9
MOT +484.0
COL +488.0

‘—ZSL -254.0

1 i i i i i 1 1 1 1 1 1
-1600 -1400 -1200 -1000 -800 -600 -400 -200 “Ar + 0 +200 +400 +600 +800
1 1 1 1 1 1 1 1 1 1 1 1
T T T T T T T T T T T T
-2000 -1800 -1600 -1400 -1200 -1000 -800 -600 -400 -200 FAr+0 +200

FIGURE 4.5: Required frequencies for the trapping of metastable ar-
gon. All numbers are given as MHz detuning from the *°Ar reso-
nance. The frequencies generated by acousto-optical modulators are
depicted as solid arrows and offset-locked frequencies are dashed
lines. The cooling frequencies (COL, ZSL, BOS, MOT) are used for
all argon isotopes. The hyper-fine splitting of 3 Ar demands for up to
four additional optical pumping frequencies to close the cooling tran-
sition properly. The master laser is directly locked to the 1s5 — 2p,
transition of “*Ar and two slave lasers are offset-locked to the master.
The exact frequencies are generated by acousto-optical modulators.

TABLE 4.1: Offset lock settings for different isotopes

isotope offset slave 1 to “OAr  offset slave 2 to *°Ar

OAr —375.2 MHz not required
¥ Ar 117 MHz —749.5 MHz
BAr —583.2 MHz not required

the light is used to generate the first repumper and the rest is shifted to +-240.0 MHz
for convenient offset-locking (Schiinemann et al., 1999). The first slave laser is dedi-
cated to generating the cooling and trapping frequencies and is offset-locked to the
isotope of interest with specific frequency settings as shown in Table 4.1.

The second slave laser can be offset locked directly to the frequency of the sec-
ond or third repumper. For this setup, it has been chosen to lock it to the second
repumper since not all repumpers are necessary and the second is used more often
in atom optical devices than the third.

A schematic view of the laser setup and the frequency shifting is shown in Fig-
ure 4.6. The basis consists of four external-cavity diode lasers (Toptica DL Pro) pro-
viding narrow-band light with a line width in the order of few hundred kHz (Ricci
etal., 1995). The master laser is locked to the 1s5 — 2p, cycling transition of *°Ar and
the quench is locked to the 1s5 — 2pg depumping transition. Two slave lasers are
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FIGURE 4.6: Scheme of the frequency shifting. Four external-cavity
diode lasers (Toptica DL Pro) are used to generate the basic light.
The master is directly locked to the 1s5 — 2p, transition of °Ar by
a Doppler-free saturation spectroscopy and is then divided to three
paths. The first repumper is directly generated by an acousto-optical
modulator. Two slave lasers are offset-locked to the master and gener-
ate the necessary cooling and the remaining repumper frequencies for
¥ Ar. Tapered amplifiers are used to provide sufficient laser power.
The exact frequencies for the atom optical devices are shifted with
acousto-optical modulators and are mixed afterwards. The light is
coupled into optical fibers and delivered to the components. An ad-
ditional diode laser is locked to the 1s5 — 2pg transition and optically
pumps the undesired “’Ar to the ground state.

4°Ar Quench

offset-locked to the master light and provide further frequencies. The required opti-
cal power is achieved through the use of tapered amplifiers. The exact frequencies
necessary for the atom optical devices are fine-tuned with several acousto-optical
modulators. The cooling frequencies are mixed with the required repumper fre-
quencies and are coupled into optical fibers so that the light is delivered to the atom
optical components.

The components of the optics module are built on a specifically designed two-
layer optical table. This setup minimizes the required space in the small laser room
of the container and is shown in Figure 4.7. The top layer contains the laser setup
and the light amplification while the bottom layer is for the frequency shifting and
mixing into the fibers to the several atom optical devices. An intermediate layer was
added to store the fiber-coupled spectroscopy cells. Cable ducts for the fibers are
mounted on the wall and connect both rooms of the container.



52 Chapter 4. A New Apparatus in a Self-sufficient Laboratory Container

FIGURE 4.7: Photo of the two layer optical table. The laser setup and

light amplification is built on the top layer while the bottom layer

houses the frequency shifting. An intermediate layer was added to

store the fiber-coupled closed spectroscopy cells and optics for offset-
locking.
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4.3.1 Laser Setup and Light Amplification

The purpose of the laser setup and light amplification module is to generate the
required light for the 1ss — 2p, and 1ss — 2pg' optical transitions of “*Ar. The
transitions are analyzed in a closed fiber-coupled argon plasma cell and the mas-
ter and quench are locked to them by Doppler-free saturation spectroscopy. Addi-
tional frequencies are provided by offset-locking of the two slave lasers. The light
obtained this way is amplified up to several hundreds of milliwatt by tapered am-

plifiers. These four frequencies are the basis for the frequency and mixing module
that is described in the next subsection.

The construction plan of this module is shown in Figure 4.8. The individual
components are external-cavity diode lasers (Toptica DL Pro), home-built tapered
amplifiers and locking devices, namely spectroscopy lock and offset lock. The com-
ponents are connected by an optical pathway from where the light is divided, mixed
and distributed. An acousto-optical modulator shifts the frequency by 240 MHz
away from the “’Ar resonance to enable proper offset locking to this isotope.
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FIGURE 4.8: Construction plan for the laser setup and light amplifi-

cation. The modular construction uses fibers to decouple each of the

components, namely diode lasers, frequency locking and tapered am-

plifiers. The remaining optical devices are used to divide and mix the

generated light and connect the individual components. An interme-

diate layer has been inserted to provide additional space and holds
the locking devices.

I This transition is used to optically pump the abundant #’Ar to the ground state.
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Fiber-coupled Closed Spectroscopy

The instability and the limited lifetime of the plasma spectroscopy cell for meta-
stable argon have been issues that have been addressed and solved in the scope of
this work. The former design required a constant pumping of the cell to keep the
plasma inside ignited. The hose for pumping and the set up on the optical table
strongly hindered flexibility.

A closed plasma cell makes pumping obsolete but their lifetime has been limited
to a few days only due to sputtering on the inside. A cleaning procedure has been
tested and successfully applied in the scope of this work and makes a modular spec-
troscopy cell feasible.

The borosilicate glass tube has been produced by the glass blowing workshop in
the Zentralbereich of the Neuenheimer Feld. It is 150 mm long with a diameter of
26 mm. A small glass pipe is attached for pumping purposes and a glass valve is
used to close the cell during cleaning cycles.

FIGURE 4.9: Preparation of the closed spectroscopy cells. The images
show the plasma inside the spectroscopy cell (left) after filling with
argon and (right) after ~ 1 hour. For the preparation, the glass cell is
evacuated by a pumping stage consisting of a turbo-molecular pump
and a roughing pump. It is filled with the desired amount of argon
or krypton gas, a valve is closed and the plasma is then ignited. After
a certain time, the cell is evacuated and refilled. This process is re-
peated several times to clean the inner surface of the glass, extending
the lifetime of the spectroscopy cell.
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The cleaning procedure starts by filling the cell with 100 mbar of argon or kryp-
ton gas and closing the glass valve. The cell is put in the center of a helical res-
onator to ignite the plasma inside. After a certain time, the color of the discharge
changes visibly as shown in Figure 4.9. The absorption of a spectroscopy laser be-
comes smaller over time, indicating that the density of metastable atoms is reduced.
The gas in the cell is replaced and this cycle is repeated several times. The glass tube
is melted after the last cycle to finally close the cell.

This has increased the lifetime of the cells so that the same cell has been used
since the beginning of the laboratory container project. Replacement cells have been
produced though and can be inserted easily if necessary at some point.

The Doppler-free saturation spectroscopy setup has been designed based on the
dimensions of the plasma cell and the required space for a helical resonator as an-
tenna. Figure 4.10 shows an image of the realized spectroscopy setup. A custom
made aluminum block has been designed for this purpose and holds the required
optics and electrical components such as a voltage-controlled oscillator and 1 W am-
plifier. The spectroscopy light is induced by an optical fiber, passes the cell twice and
is detected by a photodiode. More details of the setup can be found in Gierlich, 2017.

Figure 4.11 shows the spectroscopy of a cell filled with bottled krypton gas. Com-
pared to argon, where 4°Ar (99.7%) is the most abundant isotope by a few orders of
magnitude, krypton has several abundant isotopes. The spectroscopy signal clearly
shows the resonance peaks of 82Kr (12%),%3Kr (12%),34Kr (57%) and 86Kr (17%) (Beer,
McCracken, and Steiger, 2012). A laser lock on all of the shown peaks is possible and
allows for more options compared to argon, where the laser can only be locked on
the *0Ar peak.

The fiber-coupled closed spectroscopy cell is ideal for a setup that aims for high
sample throughput routine measurements. The breakdown time of the apparatus
due to broken spectroscopy cells can be reduced by having a spare setup, which
only requires replugging of the fibers. The plasma cell itself can be refilled by melt-
ing it onto the glass tube again.

Home-built Tapered Amplifier Setup

The required laser power for the different atomic optical devices is provided by ta-
pered amplifiers. The core element is a tapered semi-conductor diode which ampli-
fies the inserted light by stimulated emission. The modular approach of the new
setup demands a plug-and-play solution, i.e. a fiber-coupled input and output,
which has been addressed in the scope of this work.
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FIGURE 4.10: The realized fiber-coupled closed spectroscopy cell.

The light is introduced by a polarization-maintaining fiber and two

mirrors acting as a periscope. The pump beam is attenuated after

passing the cell and retro-reflected for a Doppler-free saturation spec-
troscopy.
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FIGURE 4.11: Spectroscopy signal of krypton. One closed spectros-
copy cell has been filled with bottled krypton and shows the most
abundant isotopes 82Kr (12%),33Kr (12%),3*Kr (57%) and 8¢Kr (17%).
The even number isotopes are shifted due to the mass difference of
the nucleus whereas the odd number isotopes possess nuclear spin
and therefore hyperfine structure, shifting them further away. The
master laser can be locked easily to any of the shown transitions.
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FIGURE 4.12: The realized tapered amplifier. The setup is decoupled

from the optics module by optical fibers. The core component is a

copper holder for the tapered amplifier diode with a 30 mm cage sys-

tem to hold the aspheric lenses mounted in x-y-z-translation stages.

The light passes a 60 dB optical isolator to prevent back-reflections
into the diode.

The realized design of the home-built fiber-coupled tapered amplifier setup is
shown in Figure 4.12 and more details can be found in Nicolai, 2017. The crucial
part is the holder for the tapered amplifier diode and the alignment of the two as-
pheric lenses on both sides. A custom made copper block is deployed here and a
30 mm cage system is used to mount x-y-z-translation stages which hold the as-
pheric lenses (Thorlabs). The input light that comes out of a fiber is incoupled by
two mirrors to provide enough degrees of freedom for a proper alignment of the
laser beam with respect to the input facet of the tapered amplifier diode. The astig-
matism of the output of the diode is corrected with a cylindrical lens. Great care has
to be taken to prevent any back-reflected light which can destroy the chip by passing
it opposite to the taper, thus a 60 dB optical Faraday isolator has been installed. The
amplified laser beam is aligned by two additional mirrors and coupled into the fiber.

The state-of-the-art tapered amplifier diodes at 812 nm can amplify up to a maxi-
mum output around 2 Watt of optical power. The large output facet yields additional
spatial modes that have to be compensated by the optics to improve coupling into
single-mode fibers. A typical coupling efficiency is around 50 — 60 % and yields
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overall gains of ~ 20 dB. These values are dependent on the individual tapered am-
plifier chip since strong deviations from diode to diode have been observed.

4.3.2 Frequency Shifting and Mixing

The purpose of the frequency shifting and mixing module is to transform the four
basic frequencies of the laser setup and light amplification module, that is described
in the previous subsection, into the required frequencies for the atom optical com-
ponents. A construction plan of this module is shown in Figure 4.13.

The incoming light of the first slave laser is divided into independent paths
where double passed acousto-optical modulators provide the necessary shift to reach
the exact cooling frequencies needed for each atom optical device, namely the col-
limator, the two-stage Zeeman slower and the magneto-optical trap. The 2D and
3D magneto-optical traps share the same frequencies in this setup. The frequencies
for the first and third repumping transitions are generated likewise from master and
second slave laser respectively.

These seven frequencies are coupled into short intermediate fibers to deliver the
light to the mixing module. The first and second repumper light is mixed as they are
required for every device except for the Zeeman slower. A part is mixed with the
frequency for magneto-optical trapping and the other part is mixed with the third
repumper and ultimately with the collimator cooling frequency. The light mixtures
are then coupled into optical fibers for delivery to the atom optical devices.

44 Atomic Module

The atomic module includes all atom optical devices such as a metastable argon
source, two transverse cooling stages, Zeeman slower, magneto-optical trap and flux
monitoring. The required light for the optical transitions is delivered through fiber
optics from the optics module to the components. The atoms enter the apparatus at
nearly room temperature thermal velocities, cooled to liquid nitrogen temperatures
and then slowed down to nearly zero velocity in the magneto-optical trap. A tilted
mirror design is used as first transverse laser cooling stage and collimates the atoms
from the effusive source into a beam. The remaining optical Doppler shifts that arise
from the longitudinal velocities are compensated mainly by the linear Zeeman shift
due to magnetic fields and the deceleration is performed in the Zeeman slower. In
the magneto-optical trap, the Zeeman shift is used to balance the relative strength of
the counter-propagating beams and sets a preferred spatial trapping region, i.e. the
zero point of the magnetic field. Further atom optical devices use the abundant 4 Ar
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FIGURE 4.13: Construction plan for the frequency shifting and mix-
ing. The setup transforms the four basic frequencies of the laser
and amplification part into the required frequencies for the atom
optical devices. First, the exact frequencies are generated by dou-
ble pass acousto-optical modulators and coupled into intermediate
fibers. These are then mixed in the lower right part of the table and
coupled into the final fibers to provide light for the atom optical com-
ponents.

as flux and beam monitoring.

A vacuum setup is required for Trap Trace Analysis of argon and krypton and is
designed for high sample throughput in an (ultra-)high vacuum environment. Sev-
eral turbo-molecular pumps and three differential pumping stages are deployed to
generate the required pressure gradient from the high pressure source to the low
pressure detection region. A getter-pump cleans the recycled sample of any non-
noble content. A further turbo-molecular pump compresses the sample into a buffer
volume before inserting it into the high pressure source again.

4.4.1 Vacuum System

A scheme of the vacuum setup is shown in Figure 4.14. The (ultra-)high vacuum
system is required for Trap Trace Analysis of argon and krypton due to the following

reasons:

e The sample needs to be isolated from the environment due to noble gases in
the air. A closed system further enables sample recycling thus reducing the
required sample size by three orders of magnitude compared to throughput.
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FIGURE 4.14: Scheme of the vacuum setup. The sample enters the ap-
paratus through a pipette to determine the sample volume. It is then
pumped into a reservoir serving as a buffer volume. The compressed
gas enters the high pressure source and is manipulated by the atom
optical components. Several turbo-molecular pumps collect the sam-
ple again and a getter-pump cleans it from any non-noble content. A
further turbo-molecular pump compresses the gas into the reservoir
again thus closing the cycle. A pumping stage is deployed for remov-
ing the sample from the apparatus. The atom optical components are
sketched with the required optical frequencies.

e The magneto-optical trap is designed for atoms close to zero velocity. Each
collision with the non-cooled thermal background gas will release the trapped
atoms thus reducing lifetime and impede detection.

e The noble gases have to be prepared into a metastable state with no direct
dipole decay channel to the ground state. Still, deexcitations to the ground
state occur due to collisions both among metastables and between metastables
and background gas.

The atomic beam travels through a main line connected by DN 40 CF flanges.
Differential pumping is deployed by three tubes of 18 to 20 mm inner diameter,
inserted between two adjacent vacuum chambers. The custom made vacuum cham-
bers were manufactured by Vacom.

The stainless frame of the apparatus has been custom-made by the workshop
and a computer-aided design is shown in Figure 4.15. It is designed following the
modular approach so that the parts holding the source chamber, intermediate cham-
bers and magneto-optical trap are self-supporting and can be adjusted separately in
the future.
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FIGURE 4.15: Computer-aided design (CAD) of the vacuum setup.
The source chamber holds two 2000 é turbo-molecular pumps (Pfeif-
fer HiPace2300) and is mounted on a translation table to give access to
the collimator. The remaining vacuum chambers are mounted on an
aluminum construction profile (Item Profile 10 50x50) to enable easy
alignment. Three 300 é pumps (Pfeiffer HiPace300) are mounted on a
three-way cross below the chambers and the outlets are connected to
collect the sample from the main apparatus. The stainless steel frame
consists of mainly three tables. The middle part can be replaced for a
future design of the Zeeman slower with a different length.

The source chamber is basically a large six-way cross. The first axis is aligned to
the atomic beam direction and has two DN 320 ISO-K flanges for connecting the col-
limator and source. The dimensions have been chosen to increase the radial distance
of the collimator mirrors to the plasma in the source, prolonging the lifetime of the
mirror coatings. The second, vertical axis has suitable DN 250 ISO-F flanges for the
two 2000 é turbo-molecular pumps (Pfeiffer HiPace2300). The third, horizontal axis
has DN 160 ISO-K flanges for viewports, which can be used to observe the ignition
of the plasma and the quality of the collimator mirrors. Additionally, four DN 40 CF
provide further access to the chamber. The residual gas analyzer is connected to one
of these ports for mass spectrometry and leak testing. The chamber is mounted on a
translation table whereas the flange holding the collimator is connected to the rest of
the apparatus. This provides access to the collimator by moving the source chamber
along the atom beam axis.

The rest of the apparatus is separated by a valve to close the remaining vacuum
during adjustments in the source chamber. Three 300 ! turbo-molecular pumps
(Pfeiffer HiPace 300) are mounted on a DN 100 CF three-way cross below custom
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made six-way crosses. The axes aligned to the atomic beam have DN 40 CF flanges,
the vertical axes holding the three-way cross have DN 100 CF flanges and the hori-
zontal axes have DN 63 CF flanges in the case of the first two chambers. The chamber
behind the magneto-optical trap has DN 40 CF flanges to provide more optical ac-
cess to the atom trap that is in close proximity. The outlets of the turbo-molecular
pumps are connected together and a tube with DN 16 CF flanges is used to trans-
port the sample back to the reservoir. The vertical and horizontal axes are closed
by viewports thus enabling optical access for laser beams for cooling, trapping and
analyzing.

A ~ 1.80 m tube with inner diameter of 40 mm is used inside the Zeeman slower.
A tube with 20 mm inner diameter for differential pumping is inserted in the first
0.5 m of the Zeeman slower. This reduces the background gas pressure for the
magneto-optical trap while allowing the collimated atomic beam to pass through.
The frame below is non-carrying and only used as working surface thus can be re-
placed if future designs of the Zeeman slower have different lengths.

The core part is a ten-way cross (Kimball MCF600-SphOct-F2C8) for the magneto-
optical trap with eight DN 40 CF flanges and two DN 100 CF flanges. Two DN
40 CF flanges are aligned to the atomic beam direction. The two vertical and the
four 45° -tilted horizontal flanges are used for the six cooling and trapping beams.
The remaining two viewports are used for single-atom detection by an avalanche-
photodiode (APD) and a charged-coupled device (CCD) camera.

The vacuum chambers are mounted on an aluminum construction profile (Item
Profile 10 50x50) to enable easy alignment of the chambers. The stainless steel frame
holds the aluminum profile and the translation table of the source chamber. It further
holds four breadboards (M-PG-12-2-ML) and some custom made aluminum plates
to mount the necessary optics for the atom optical devices.

4.4.2 Metastable Atom Source

The transition from the ground state 1512 to the excited state 1s4 lies in the ultra-
violet and is ~ 107 nm for argon and ~ 124 nm for krypton. To address these optical
transitions is not feasible since the light at these wavelengths is scattered by air and
laser systems have to be set up in vacuum. Approaches on optical excitation using
incoherent light have been tried for krypton (Kohler et al., 2014) but are not yet at
sufficient stability and efficiency for this purpose.

2]t is sometimes referred to as 1p,, to reflect the selection rule AL = +1.
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The laser cooling and trapping uses a higher transition at 812 nm from the me-
tastable state 1s5 with total angular momentum quantum number | = 2 to the state
2p, with | = 3.

A common approach to generate metastable noble gases is a radio-frequency
induced plasma. These noble gas plasmas have two main features (Lieberman and
Lichtenberg, 1994):

e The plasma is weakly-ionized (~ 1072) due to the closed shells of noble gases
yielding strongly bound valence electrons.

e The electrons and ions are not in thermal equilibrium due to the typical low

operating pressures of < 10! mbar yielding low densities.

The higher mobility yields electron velocities typically ~ 100 times faster than
the velocities of the ions (Lieberman and Lichtenberg, 1994) and ground-state atoms.
The collisions between electrons and ground-state atoms result in inelastic electron-

impact excitations

e +Ar > Arf4+e — Ar+e + how. 4.1)

The same holds for krypton. The emittance of the photon with energy E = fiw in
the second step only occurs with high probability if a dipole transition to the ground
state exists. If Ar* is a metastable state, the atom will remain in this state for a long
time compared to the average collision time. This is because other radiative tran-
sitions such as electric quadrupole and magnetic dipole radiation are comparably
weak (Lieberman and Lichtenberg, 1994).

The ground state atoms, metastables and ions are typically in thermal equilib-
rium with the environment and liquid nitrogen is deployed for precooling of the
atoms through a thermal contact with a tube in the source.

Figure 4.16 shows an image of the metastable atom source with the ignited plasma.
The inset shows a photo taken through an infra-red viewer and the laser beam of the
Zeeman slower is scattered by the atoms.

4.4.3 Transverse Cooling Stages

The effusion of metastable atoms from the source leads to transverse and longitu-
dinal velocity distributions. The most probable velocity is 514 % without cooling
and 243 7 (Feng, 2012) with liquid nitrogen cooling. Only a fraction of atoms will
reach the magneto-optical trap due to the small solid angle, thus two transverse laser

cooling stages are deployed to increase the atom beam flux into the trappable region.
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FIGURE 4.16: Image of the metastable atom source. The plasma is
ignited by applying a radio-frequency at ~ 60 MHz enhanced by a
35 Watt amplifier. The inset is a photo taken through an infra-red
viewer and shows the scattered light from the Zeeman slower beam.

Collimator

The first transverse laser cooling device is called collimator and increases the flux of
metastable atoms to the detection region by a factor of ~ 100 (Ebser, 2018). The colli-
mator is installed directly after the metastable source and compensates the Doppler
shift due to the transverse velocities through a tilted mirror design. The change of
angle of incidence after every reflection of the laser beams retains the resonance with

the atoms over a distance of ~ 20 cm.

The light produced by the optics module includes the frequencies for cooling
and the first three repumpers. It is induced by a vacuum fiber throughput and op-
tics for shaping the laser beam are mounted on a 30 mm cage system (Thorlabs). The
incoming angle to the mirrors is fixed and aligned once. Each axis has one fixed mir-
ror and one where the two rotational degrees of freedom can be adjusted by stepper
motors. Additionally, the collimator itself is installed on a large custom-made kine-

matics mount and can be tilted as a whole.

Figure 4.17 shows the computer-aided design (CAD) construction model of the

realized collimator. It mainly follows the design described in Ebser, 2018 but with
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stepper motors
(two per axis) .

FIGURE 4.17: Computer-aided design (CAD) of the collimator. One

of the tilted mirrors per axis can be adjusted by two stepper motors

thus can be optimized with the atom flux signal. The optics for laser

beam shaping are mounted inside a 30 mm cage system (Thorlabs)

and are adjusted once outside the vacuum. The whole frame can be

tilted since it is mounted on an adjustable holder. Taken from Ebser,
2018.

small modifications in the radial dimension. A degradation of the mirrors over time
has been observed on the prototype apparatus and is attributed to the plasma and
its sputtering properties. The larger source chamber allows to move the mirrors fur-
ther away in the radial direction thus reducing this degradation effect for the new

apparatus.

2D Magneto-Optical Trap

The atom beam flux that exits the collimator has close to zero transverse velocity,
but the beam has still a large diameter compared to the detection region. A second
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transverse cooling stage is deployed using a two-dimensional magneto-optical trap,
often called magneto-optical lens due to the function of focusing the atomic beam.
To ensure the same gradient for both axes, the quadrupole field has been orientated
such that the axial direction is in atomic beam direction thus using the symmetric

radial field as gradient.

el o )¢ ) P

FIGURE 4.18: Realization of the 2D magneto-optical trap. The brass
holders are designed to be mountable on the DN 40 CF flanges and
have a groove to hold the 15 x 15 windings of each coil.

Figure 4.18 shows the realized two-dimensional magneto-optical trap. The 15 x
15 windings for each coil are placed in a groove on a brass holder which can be
mounted on the DN 40 CF flanges connecting adjacent vacuum chambers. Water-
cooling is not necessary for the ~ 2 A flowing in series through the coils with wires
of 1 mm diameter.

4.4.4 Calculation of the Magnetic Fields

The Biot-Savart law describes the magnetic field B at position r generated by a cur-
rent I at position 1 and is given by

”OI /dl - 1|3 (4.2)
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with vacuum permeability .

Although analytically solutions exist for special coil configurations as the Maxwell
coil, numerical calculations of the magnetic field yield far more insight and are not
limited by the given geometry.

X
The magnetic field B(r) in Cartesian coordinates r = | y | with resolution dr =
z
dax
dy | can be calculated using the differential form
dz
dB(r) = Z(;TI’:_:’BCII (4.3)

of the Biot-Savart law. In the case of circular coils that share the same axial direc-
tion, the situation can be parameterized in cylindrical coordinates with ¢ and reso-

Rcos ¢
lution d¢. The coils are then described by segments at 1 = | Rsin¢ | and length
z
—Rsin¢
dl = | Rcos¢ |d¢. By choosing the axis of the coils in z-direction, only the x-
0

values need to b