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Chapter 1

Introduction

Various observations of a dominating non-baryonic, non-luminous matter component, the
dark matter, induced a theoretical and experimental research for its origin and nature.
Among diverse theories for particle candidates accounting for dark matter, the concept of
weakly interacting massive particles (WIMPs) is outstanding, due to the possibility of ex-
perimental detection with existing technologies. One ambitious project searching for these
WIMPs is the XENON dark matter project, using a dual-phase time projection chamber
�lled with liquid xenon for a possible detection of WIMP-Nucleon scatterings. The XENON
collaboration is preparing its next phase, the XENON1T detector, which uses 3 tons of liquid
xenon. While the preceding step, XENON100, was a leading experiment in terms of sensi-
tivity and recently has been surpassed by the LUX experiment, the new stage XENON1T
will probe a new space for spin-independent WIMP-Nucleon cross sections. A projected
sensitivity of σSI = 2 · 10−47cm2 for a WIMP mass around 50GeV exceeds the actual sen-
sitivity limit by more than an order of magnitude. The name of the game for achieving
new sensitivities is background reduction. One of the main backgrounds within xenon is the
krypton isotope 85Kr. This anthropogenic isotope decays with a half-life of 10.76 years, and
thus is an intrinsic background not vanishing on a short time scale, which makes a removal
necessary. The technique used for depleting the xenon in terms of krypton, is cryogenic dis-
tillation. Therefore a cryogenic distillation column is prepared and tested at the University
of Münster, which puri�es the xenon in terms of krypton down to the desired limit of less
than 0.5 ppt. However, not only the reduction but also the knowledge of the background
is of great importance. Measuring concentrations of krypton at the sub-ppb level requires
technically challenging setups, which are usually working on a large time scale. Therefore, a
di�erent technique, using a residual gas analyzer behind a cold trap, providing online results
and consuming only a fraction of a standard liter, is presented within this thesis. A mobile
setup using this method, which is dedicated to measure directly at the XENON1T facility,
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has been designed, built and extensively tested.
This thesis starts with a brief introduction of dark matter and its pieces of evidence. Es-
pecially the WIMP will be explained and also the search for it, namely with the XENON
dark matter project, which will be introduced. Following this, the krypton background and
its detection with di�erent techniques are explained. As the main task of the thesis was the
building of a new mobile setup, its design and properties will be explained in detail. Inves-
tigative measurements on this and another setup, as well as the calibration method used for
this setups will be shown. Furthermore, �rst concentration determinations of unknown gas
samples will be presented as a proof of principle, followed by a completing discussion on the
obtained results and an outlook for improvements.



Chapter 2

Dark matter

During the last century, the composition of the universe became a challenging question for
the �eld of astrophysics and astronomy. While the baryonic fraction is well understood,
an overwhelming number of observations since the early 20th century lead to the evidence
of existing unknown components, contributing to over 95 % of the present universe energy
density. These can be divided into two di�erent types of constituents, namely dark energy

and dark matter. Although providing around 70 % to the energy density of the universe and
causing its accelerated expansion, the nature of dark energy remains puzzling, whereas the
gravitational in�uence of dark matter can be observed from the galactic scale to very large
and distant structures. Di�erent hypothesis aroused to explain the nature of dark matter,
where the theory of weakly interacting massive particles (WIMPs) is outstanding, due to the
fact that it is possibly veri�able by di�erent experimental approaches. Furthermore, beside
di�erent other theories, the promising supersymmetric theory (SUSY) provides a natural
WIMP-candidate.
This chapter will show important examples of evidence for dark matter and introduce the
WIMP as a dark matter aspirant. Moreover, the possible detection of dark matter particles
will be explained.
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(a) (b)

Figure 2.1: (a) Rotational velocity of stars in the spiral galaxy NGC 6503 compared to their
distance to the galactic center. The solid line shows the �tted data, while the
expected distribution is represented by the dashed line. Additional distribution of
gas throughout the galaxy does not explain the discrepancy, while an additional
halo of non-luminous mass (dash-dotted line) can explain the observed velocities
[Beg91]. (b) Spiral galaxy arms of NGC 6503 as observed by the Hubble Space
Telescope [ESA10].

2.1 Evidence for dark matter

Fritz Zwicky observed �rst traces of dark matter in 1933 by investigating the mass content
of the Coma cluster by measuring the number of its galaxies, their luminosity and kinetic
energy. As a result of this, he observed a signi�cant discrepancy between the luminous mass
and the total mass content, which he obtained by application of the virial theorem [Zwi37]:

M2
tot ∼ 〈Epot〉 = −2 〈Ekin〉 ∼ v2kin (2.1)

The idea of hidden mass as an explanation for this discrepancy was not directly accepted as
a viable concept, although the following years brought further supporting observations (e.g.
mass-light-ratio in the Andromeda nebula by H. Babcock [Bab39]).

2.1.1 Galactic rotational velocity curves

New spotlight to the idea of existing hidden mass was given in the 1970s, when Vera Rubin
evaluated systematically the rotational velocities of stars at the edge of spiral galaxies with
high precision by measuring the Doppler shifted 21 cm hyper�ne transition line of hydro-
gen.



2.1 Evidence for dark matter 11

Due to the fact that most of the luminous mass is centered in the bulge, and the assumption
that the gravitational mass M matches this luminous mass, it was expected that the stars
have a decreased rotational velocity vrot in dependence of the distance r according to New-
tonian dynamics:

vrot =

√
GM(r)

r
(2.2)

However, the observation has not shown the expected drop with ∼ 1√
r
but an almost constant

rotational velocity for large radii, independent of the distance to the mass center (see �gure
2.1). This points to a di�erent mass distribution than the luminous one, which can be
explained if a dark matter halo is added to the model.

2.1.2 Gravitational lensing

In the framework of general relativity theory, the e�ect of gravitational lensing provides a
powerful tool for mass astronomy and hence for observation of non-luminous matter. Light
rays of any source in the universe are de�ected by the gravitational �elds created by matter in
their path towards us, where the de�ection angle is directly depending on the mass content.
This way the mass of objects, acting as a lens for passing light rays, can be determined.

The Bullet Cluster

An impressive application of gravitational lensing is shown at observations of the Bullet
Cluster, which strongly supports the concept of dark matter.
As seen in �gure 2.2, the Bullet Cluster actually consists of two clusters, which collided in
the past. Evidence for that is given by the fact that x-ray spectroscopy of the hot gas, the
main fraction of the galaxy's baryonic mass, reveals a shockwave-like shape of the smaller
galaxy when passing through the larger one. Unlike the point-like stars, which pass almost

Figure 2.2: Map of the gravitational potential (green contours), obtained from gravitational
lensing, comparing the distribution of visible galaxies (left panel) and the hot
gas distribution measured by the x-ray telescope Chandra (right panel)[Clo06].
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una�ected, the hot gas is di�usely spread and consequently friction takes place causing it
to slow down. Classically it would be expected that the gravitational center is consistent
with the center of baryonic mass at the hot gas. Nevertheless, surveys of the gravitational
potential, using gravitational lensing, point to a gravitational center, consistent with a mass
center una�ected by the collision. Since the stars clearly have less mass than the gas, it is an
indication for additional mass, which has a low cross section for interactions with the hot gas
and itself, pointing to a non-luminous and weakly interacting nature [Clo06]. This technique
has also been applied to further galaxies supporting these observations (e.g. [Bra08]).

2.1.3 Cosmic Microwave Background (CMB) radiation

Additional support to the theory of dark matter and also further understanding of its nature
is provided by the cosmic microwave background(CMB) radiation. This uniformly spread
2.73K radiation �ngerprint of the decoupling of photons from baryonic matter, 380 000 years
after the big bang, reveals detailed information about the consistence of the universe. More
precisely, small �uctuations on the µK-level in the macroscopic isotropic radiation, developed
into an angular power spectrum (see �gure 2.3), provide data for the total energy density and
its components. According to recent measurements of the Planck satellite1, the contribution
of matter to the total energy density is about 31.7 %, while the fraction of baryonic matter
is only about 4.9 %. Thus, over 80% of the matter content has to be non-baryonic matter
[Pla13a], which clearly points towards physics beyond the standard model, since it does not
contain a viable explanation for this discrepancy.

Figure 2.3: The angular power spectrum of the CMB. A multipole moment ` development of
the temperature �uctuations (D`) is shown with an additional angular scale. For
small multipole moments below 50 the plot is linear, while for large multipole
moments it has a logarithm scale. The �t (green) to the data is based on the
ΛCDM model, which represents the standard cosmological model [Pla13b].

1These results are not completely matching the past results from WMAP and are still disputed, but the
di�erence is only in within few percent, so the general statement is con�rmed.
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2.2 Nature of dark matter

As previously described the concept of dark matter relies on strong observational evidence
and is hence favored in modern physics, but the nature of dark matter is a heavily discussed
topic. Alternatively discussed theories without additional non-baryonic matter, as for ex-
ample the Modi�ed Newtonian Dynamics (MoND), are almost ruled out since they fail for
instance at explaining interactions at the Bullet Cluster [Clo06].
Considering the fact that dark matter is not detected so far, it can be assumed that dark
matter particles are interacting possibly only through weak interaction, besides the proven
gravitational in�uence, and not strongly or electromagnetically. Classically, particle candi-
dates for dark matter are divided by their velocities into hot dark matter (HDM), moving
close to the speed of light at relativistic velocities, and cold dark matter (CDM), moving
with non-relativistic velocities. Structure forming N-body simulations of the early universe
showed that the structure observed today �ts with a cold dark matter concept [Ho12]. As a
result of this, the natural dark matter candidate of the standard model of particle physics,
the neutrino, a hot dark matter particle, is ruled out as the main component of dark mat-
ter. This is also supported by measurements of the neutrino mass and its abundance, which
come to the result that the neutrino is simply not heavy nor abundant enough to account
for a large fraction of dark matter [Ber04]. Nevertheless, additional sterile neutrinos could
contribute as a warm dark matter (WDM) particle candidate (see section 2.2.2), but have
not been detected yet.
Reasonably, the cosmological standard model (ΛCDM) assumes cold dark matter as the
dominating component of the matter universe, although there are still fundamentally open
questions, e.g. the discrepancy of dwarf galaxies abundances [Kuz08].

2.2.1 Weakly Interacting Massive Particles (WIMPs)

Although WDM (see next section) is possibly an alternative explanation, the main focus of
research is set on cold dark matter, since the standard cosmological model proved to be very
successful despite the unsolved problems.
A promising concept for CDM particle candidates is the particle class of weakly interacting
massive particles (WIMPs). Particles belonging to this class, ful�ll the necessary properties
dictated by observations. They are massive (∼ GeV), therefore moving with non-relativistic
velocities, either long-lived with a lifetime greater than the age of the universe or even stable,
and have a cross section scale comparable to the weak interaction. The latter property leads
to a coincidence, which is sometimes referred to the �WIMP-miracle�. Assuming a thermal
production mechanism in the early universe, the relic abundance of a possible dark matter
particle Ωdmh

2 is given by (see �gure 2.4):

Ωdmh
2 =

3 · 10−27 cm3/s

〈σAv〉
[Gel10] (2.3)

The natural relic density, as measured today, is dependent on the dark matter particle anni-
hilation cross section 〈σAv〉. This is a result of the thermal freeze-out, where the cool-down
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Figure 2.4: Evolution of the WIMP number density in the early universe following the
ΛCDM-Model. The solid line represents the equilibrium line, where the den-
sity Y follows the thermal equilibrium Yeq, which means a decreasing density
of particles, due to the cooling of the early expanding universe. At a certain
point, the density is too low for further annihilation, leading to freeze-out of a
speci�c particle density. This freeze-out is depending on the annihilation rate of
the WIMP (dashed lines) [Gel10].

of the universe stopped the production, but not the annihilation of dark matter particles. It
continued until the density dropped below a certain level, so that the interaction likelihood
became almost zero. For this natural relic density, a weak-like cross section is needed, as
the WIMP model postulates [Jun96]. Another trait of the weak-like cross section is the fact
that it is possibly detectable with particle experiments using ordinary matter.

Supersymmetry (SUSY)

Several theories provide particles �tting the WIMP criteria. One promising theory, extending
the standard model, is the supersymmetry (SUSY). Motivated by unsolved problems of
standard model physics (e.g. the hierachy problem2), SUSY suggests an additional symmetry
providing a fermion partner for every boson and vice versa. Due to the absence of these
particles in collider experiments this symmetry must be broken, leading to di�erence in
masses between the supersymmetric and standard model partners. In its minimal form,
known as the minimal supersymmetric theory (MSSM), a conservation of the R-parity is

2The hierachy problem describes the unsolved fact that the weak force is much stronger than the gravi-
tational force. Closely related to this is the question, why the mass of the higgs boson is so far o� the Planck
scale.
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required, resulting in a stable suypersymmetric particle, referred as the lightest stable particle
(LSP). This LSP is a natural dark matter candidate, ful�lling the properties of a possible
WIMP. For deeper understanding literature is widely available, as for instance information
can be found in [Jun96].

2.2.2 Warm dark matter?

Recently, focus started growing for an in-between solution, called warm dark matter (WDM),
where particles with masses in the keV regime are introduced as possible dark matter can-
didates. This arose from the fact that di�erent aspects of the N-body simulations with cold
dark matter showed some discrepancies, e.g. the number of dwarf galaxies in the present
universe.
A viable candidate for WDM is the sterile neutrino, which is, in contrast to the standard
model particle neutrinos, not charged under the weak interaction. This hypothetical par-
ticle was introduced at the explanation of the non-zero mass of standard model neutrinos,
but could additionally explain dark matter since it ful�lls the required properties. Also, it
is possibly stable and interacts only gravitationally with ordinary matter, which limits its
detectability. Although, recent observations of an unexpected X-ray line in galaxy clusters,
explainable by annihilation of sterile keV-Neutrinos [Bul14], renewed the attention to this
topic, various experiments, looking for direct or indirect detection of sterile neutrinos, found
no trace of additional neutrinos, which makes this candidate a topic of upcoming research
(e.g. in the KATRIN experiment [Esm12]).
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2.3 Experimental detection of dark matter

Figure 2.5: Visualization of the three possible interaction channels between dark matter
(black) and standard model(orange) particles. For the WIMP model, the ex-
change particle is not directly �xed, but favored interactions working through
Z-Boson, via Higgs-�eld interactions, through hypothetical or unkown ways
[Kam97].

As already mentioned, the assumption of thermally produced WIMPs with a weak-scale
cross section makes a detection possible via standard model particles. In fact, three possible
ways of interaction between dark matter (DM) and standard particle matter (SM) provide
detection channels (see �gure 2.5):

DM + DM → SM + SM

Here the annihilation, transforms dark matter particles into standard model particles
as it occurred in the early universe. This indirect signal could possibly be detected, if
the density of dark matter is increased, as it could be the case in the center of galaxies
or around black holes.

SM + SM → DM + DM

As in thermal equilibrium, there has to be the possibility that interactions of standard
model particles produce dark matter particles. In experimental research this can be
probed at large collider providing enough energy for creating a massive dark matter
particle, where the detection is registered as missing mass and momentum.

DM + SM → DM + SM

Interaction of dark matter particles directly with standard model particles could be
possible, for example through exchange of Z-Bosons or interaction via the Higgs-�eld.
Detection of this channel could possibly be achieved, by measuring the energy depo-
sition of a colliding dark matter particle in a low-background detector, assuming a
surrounding halo of dark matter in our solar system.



Chapter 3

Enlightening the dark - The

XENON Dark Matter Project

Out of the three described potential detection channels, the direct detection approach for
WIMPs is one of the favored in recent research. Therefore, a broad spectrum of possible
detector designs, based on di�erent materials, is set up for direct detection experiments. As
seen in �gure 3.1, there are basically three ways to measure the energy deposition of WIMPs,
scattering o� ordinary matter, namely heat, charge and light. For a proper signal-background
discrimination, two di�erent signal channels are advantageous. Additionally, experiments
exist, using only one channel, e.g. the DAMA/Libra experiment with the scintillation channel
of NaI only. However, such experiments gain additional information by checking the signal for
an annual modulation, as it is expected, if the earth moves through a dark matter halo during
a solar year. Although the DAMA/Libra collaboration claims to see this signal, the outcome
is heavily disputed, since many other two-channel experiments come to contradictory results
[Bel08].
Experiments, which use two channels for detection, can be divided basically into two main
fractions:
On the one hand, there are cryogenic bolometer experiments (e.g. EDELWEISS, CDMS),
which measure at ultra-cold temperatures (O ∼mK) the heat and charge signals in high-
purity semiconductors, as e.g. germanium. On the other hand, there are liquid noble gas
detectors �lled with xenon looking for light and charge signals (e.g. LUX and XENON),
which are leading experiments for spin-independent WIMP-nucleon scattering (see �gure
3.2).
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Figure 3.1: Scheme of three possible ways to detect an energy deposit of a colliding WIMP
and the respective examples of direct detection experiments, enclosed by their
chosen signal channels.

The use of liquid xenon provides di�erent advantages as:

• A high atomic number with Z = 54 provides self-shielding of external backgrounds.

• No short-lived radioactive isotope1.

• Scintillation light of 178nm VUV-light detectable with photomultiplier tubes without
a wavelength shift.

• Transparency for its own scintillation light, due to excimer production.

• Even and odd isotopes at about the same abundance provide sensitivity, not only to
spin-independent, but also to spin-dependent scattering.

• easy cryogenics, as the temperature of liquid xenon is around 178K

• An ability to enlarge the scale of experiments without strong disadvantages.

In the following chapter, the direct detection approach of the XENON Dark Matter Project,
which was successfully applied within the XENON10 and XENON100 experiment and is
prepared for the upcoming XENON1T experiment, will be explained in detail. Additionally
di�culties in the background reduction and measurement, where this thesis contributes
towards the project, will be explained.

1The only radioactive isotope is 136Xe, which decays trough double-beta decay with a half-life of about
2.11·1021 y [Exo11].
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Figure 3.2: Experimental results on spin-independent cross section limits in dependence of
the WIMP mass. A projection for the XENON1T experiment, surpassing the
leading experiment LUX by up to two orders of magnitude, is also added. The-
oretical expected values from supersymmetry are indicated by the grey shaded
area. Figure in courtesy of the XENON collaboration.

3.1 Detection principle

The detection of any interaction with xenon particles is based on the understanding of the
signal production, identi�cation of the signal origin, as well as a suitable detector technology
for proper registration of the signals. Especially the discrimination of various signal sources
(e.g. the di�erence between WIMP-nucleon interactions and background signals) is essential
for an actual dark matter particle detection.

3.1.1 The origin of signals

If a WIMP, from the assumed dark mater halo in our galaxy, scatters o� a xenon nucleus, two
di�erent mechanisms, ionization and scintillation, take place, producing signals detectable
by suiting detector technology.
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The underlying process for a direct scintillation signal starts with the scattering-induced
excitation of a xenon atom [Apr09]:

Xe∗ + Xe→ Xe∗2
Xe∗2 → 2Xe + hν (3.1)

Due to the creation of an excimer, the xenon itself is transparent to the emitted light at
de-excitation. Additionally, another process exists, ionizing the xenon primarily:

Xe+ + Xe→ Xe+2
Xe+2 + e− → Xe∗∗ + Xe

Xe∗∗ → Xe∗ + heat (3.2)

Xe∗ + Xe + Xe→ Xe∗2 + Xe

Xe∗2 → 2Xe + hν

As equation 3.2 shows, this process ends in emission of a photon if recombination occurs
directly, producing also a scintillation light signal. Consequently, to ful�ll the need of two
di�erent signal channels, it is straightforward to make use of the ionization signal. This
can be achieved by separating the electrons before recombination takes place and measuring
their charge. However, since an expected energy deposit of a few keV per interaction would
only produce a very faint ionization signal, it is necessary to implement an ampli�cation of
this signal, as described in the following section.

3.1.2 Detecting signals - the dual phase time projection chamber
(TPC)

A powerful technology for maximizing information gain from the scattering, is the dual phase
time projection chamber. This detector principle (see �gure 3.3) makes use of a cylindrical
detection chamber, consisting of polytetra�uoroethylene (PTFE) for high VUV-light re�ec-
tivity (see [Lev14] for more details), which is �lled with liquid xenon, but additionally, a
gaseous phase of xenon is constantly kept above the liquid.
If an incoming WIMP scatters o� a xenon nucleus, the processes described in equation 3.1
and equation 3.2 produce directly scintillation photons with a wave length of 178nm, which
is registered by optimized photomultiplier tube (PMT) arrays on the top and the bottom of
the TPC as a so called S1-signal.
Furthermore, two electric �elds for collection of the electrons produced by the ionization
channel (see equation 3.2) of the scattering are applied along the detector. First, there is a
constant drift �eld pointing towards the gaseous phase, where secondly, a stronger extrac-
tion �eld takes over, accelerating the electrons into the gaseous phase, where an electron
avalanche produces a secondary light signal (S2-signal). This second signal, produced direct
below the top PMT array, allows for a precise position determination in the x-y-plane and
the time distance between the S1 and S2 signal provides information about the z-position
of the scattering. For a more detailed description of the working principle of a dual phase
TPC see [Sch11].
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Figure 3.3: Visualization of the signal production in a TPC. A particle interacting with the
xenon nuclei �rstly produces prompt scintillation light (S1) as shown in eq. 3.1
and also electrons due to ionization (see eq. 3.2). As a result of the applied
electric �eld, which interrupts the recombination of electrons and nuclei, the
produced electrons are guided to the gaseous phase, where an additional strong
electric �eld extracts and accelerates them, leading to a secondary scintillation
signal (S2). While direct detection of this signal, close to the top PMT array,
allows for position reconstruction in the x-y-plane, the information about the
z-coordinate (depth,) is obtained from the time di�erence between the S1 and
S2 signal (shown on the right), thus completing a total 3-D reconstruction of the
scattering. Figure taken from [LUX13a].

3.1.3 Background signals

A key factor for dark matter detection lies in the understanding and suppressing of back-
ground signals, caused by particles from external or internal sources. External sources can be
divided into two components - external background from radioactive materials surrounding
the detector and external background induced by cosmic rays and air shower particles.
Due to the absence of a short-lived radioactive xenon isotope, the main fraction of intrinsic
background signal sources are impurities like krypton and radon. While the latter one has
four abundant short-lived isotopes, with the isotope 222Rn as main contributor (t1/2 ∼ 3.8 d),
krypton naturally has no radioactive isotope. Nevertheless, the isotope 85Kr exists in traces
since the last century, as a result of human-induced nuclear �ssion.
Controlling the background is possible through two di�erent ways. First, the removal of
background, either externally by expedient material selection and shielding, or internally by
puri�cation is a feasible option (details in chapter 4). Secondly the analysis of a signal itself
provides possibilities of discrimination between background induced signals and WIMP-like
signals. One possibility arises due to the di�erent energy deposition of scatterings induced
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by a nuclear recoil, as a WIMP or a neutron would produce, or by an electronic recoil, as a
gamma or beta particle would produce, which leads to a di�erent ratio of the S1/S2 signal
(for more details see [Apr11]).

3.2 XENON10, XENON100 and XENON1T - dark

matter experiments

Figure 3.4: (a) Sketch of the TPC as it is installed into the passive shielding at LNGS.
(b) Picture from the assembled XENON100 detector with its PTFE structure.
Figures from [Apr12b] and in courtesy of the XENON collaboration.

In 2007 the XENON10 experiment set the best limit on a possible WIMP-nucleon cross
section σ for spin-independent scattering at that time, proving that liquid noble gas detectors
are highly competitive. This �rst experiment used a time projection chamber (TPC) detector
design, as described in 3.1.2, �lled with around 15 kg xenon. For reduction of the muon �ux,
it was located in 3600mwe (meter water equivalent) depth at the Gran Sasso National
Laboratory (LNGS) [Ang08].
As a follow-up, the XENON100 experiment started taking data in 2009 at LNGS. It reached
its scienti�c goal in 2012, providing a new limit on the spin-independent cross section σSI for
WIMP masses above 8GeV with a minimum of < 2.0× 10−45 cm2 for 55GeV-WIMPs with
a 90% con�dence level [Apr12a].
This experiment-stage uses a detector (see �gure 3.4) �lled with about 165 kg, where only a
fraction of ∼ 64 kg are used as active target material, while the other xenon is used as an
active veto shield, embedded into di�erent shielding layers consisting of copper, polyethylene,
lead and water. Additionally, only a certain portion of the active target, the so called
�ducial volume, is used for the actual WIMP-nucleon interaction search, chosen accordingly
to bene�t from the self-shielding, while maintaining as high statistics as possible.
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3.2.1 XENON1T

Figure 3.5: Schematic illustration of the XENON1T detector and its position inside the Hall
B at LNGS. As seen on the right part the cryostat with the embedded TPC is
surrounded by a 9.6m diameter water tank, while the supporting structure is
outsourced to the structure building, directly next to it. Figure in courtesy of
the XENON collaboration.

The upcoming next step - start of scienti�c data taking is planned for 2015 - is the XENON1T
experiment. Designed for above three tons of xenon, with about one ton of �ducial volume,
its scienti�c goal for the spin-independent cross section is at

σSI = 2 · 10−47cm2

for WIMPs with a mass of 50GeV. This would surpass actual limits by more than an order
of magnitude (see �gure 3.2).
The increased sensitivity of the detector is essentially limited by the level of background
signals. Thus, especially the intrinsic background removal and monitoring is of crucial im-
portance, since the external sources are already reduced by the additional self-shielding of
xenon, careful selection of low-radioactive materials for the detector and the new active
muon-veto, which consists of a water tank around the cryostat equipped with PMTs, for
detection of muon-induced Cherenkov radiation [Apr14].





Chapter 4

Removal and detection of 85Kr

Internal backgrounds, as radon and krypton (see section 3.1.3), in�uence the sensitivity of
the XENON1T detector drastically. Hence, large e�ort is put into three possible ways of
dealing with this background sources:

1. Screening of the used material to avoid contamination.

2. Removal of the intrinsic impurities.

3. Determination of the impurity concentration level.

All three processes are applied on radon and krypton, but the focus of this work is set on the
treatment of the krypton impurity. For a detailed description of radon screening, detection
and removal see [Lin13].
This chapter will provide general information about the isotope 85Kr, its removal and possible
detection methods.

4.1 Krypton as a background source

Introduced by nuclear bomb tests in the last century, and since then constantly produced by
nuclear reprocessing (see �gure 4.1), the radioactive isotope 85Kr is present today due to its
half-life of ∼ 10.8 y with a measured concentration at the Gran Sasso National Labratory of
about

85Kr
natKr

≈ 2× 10−11mol/mol [Du03].
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Figure 4.1: Measurement of the 85Kr activity in air samples taken at Mount Schauinsland.
While the present level stays constant at about 1.5Bq/m3, occasional spikes in
the activity are caused by nuclear reprocessing in La Hague [Bie09].

This β− emitting isotope decays mainly (99.6%) into 85Rb, releasing an electron with an end-
point energy of 687 keV (see �gure 4.2). Although, it would produce only an electronic recoil,
which di�ers from the nuclear recoil a WIMP would produce, the detectors discrimination
capability is not perfect, since the actual value for the S1/S2 discrimination at XENON100
is at roughly 99.5% [Sel12], which makes a misinterpretation as a dark matter signal possible
[Apr11].

Figure 4.2: Decay scheme of 85Kr. Values from [Apr12b]



4.2 Removal with cryogenic distillation 27

Figure 4.3: The dependence of the background event in terms of time, mass and energy from
the ratio of natural krypton in xenon is shown (red). Assuming a concentration of
1 ppt, a number of about one background event per year, ton and keV is expected
(blue). Figure and caption from [Mur14].

Using the constant ratio of 85Kr compared to natural krypton, one can derive the amount of
events that will be detected as WIMP-like signals for a certain natural krypton concentra-
tion. According to �gure 4.3, an intrinsic concentration of 1 ppt1 would correspond to about
1 event per ton of detector material, year of exposure and per keV energy of the β-particle.
The 1 ppt concentration is set as the upper limit for the upcoming XENON1T experiment
[Apr10], but even the most pure commercially available xenon gas has concentrations up to
10ppb2. Consequently, a further puri�cation is necessary, where the cryogenic distillation
provides various advantages and is therefore the chosen method for the XENON100 and
XENON1T experiments.

4.2 Removal with cryogenic distillation

A direct way of 85Kr reduction is provided by cryogenic distillation, removing krypton from
xenon by making use of the di�erent boiling points of the two components in a binary
mixture. This technique is the chosen way for the XENON Dark Matter Project, where a
�rst commercial distillation column has achieved a contamination lower than 1ppt [Lin14]
for the XENON100 experiment. Although, this purity is below the desired value of 1 ppt, it
was achieved with multiple distillations and even if multiple distillation of the xenon

11ppt (parts per trillion) = 10−12

21ppb (parts per billion) = 10−9
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(a) (b)

Figure 4.4: (a) Vapor pressures of xenon (red line) and krypton (black line) in dependence
of temperature. Data from [Lid07]. (b) Scheme of the working principle of a rec-
ti�cation column. Shown is the reboiler and the condenser as main parts and dif-
ferent distillation stages (plates) in between. Figure in courtesy of C.Huhmann.

inventory would lead to any desired purity, the throughput of only 0.6 kg/h would not match
the time schedule for a multi-ton experiment as XENON1T. As a consequence of this, a new
column has been designed and is prepared for the XENON1T experiment at the Institut für
Kernpyhsik, University of Münster.

4.2.1 Working principle

The distillation principle itself depends more precisely on the di�erence in vapor pressures
(detailed description of the vapor pressure concept follows in chapter 5.2.3) of the binary
mixture. As shown in �gure 4.4, krypton is compared to xenon the more volatile component,
which leads to a possible enrichment of krypton in the gaseous phase, while the remaining
liquid phase is depleted in terms of krypton, if there is a dual phase binary mixture. In the
technical process this is called one theoretical distillation stage.
This process is operated several times consecutively, leading to a liquefaction of the gaseous
phase in the following stage, thus building a new gaseous phase, where separation is repeated.
A scheme of the working principle of such a multi-stage distillation column is shown in
�gure 4.4. One of the core elements of the distillation column is a reboiler at the bottom,
where the liquid mixture is partly evaporated. This evaporated gas is re-lique�ed at the
top condenser, producing a partial re-�ux which is guided through di�erent stages. All of
them are a distillation step itself, causing their number to be depended on the requested
purity. Enhancement of this process is realized by using a special package material along
the distillation column, increasing the transition phase surface drastically.
Only a small amount of gas, compared to the total content, is released at the top, the so
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called o�-gas, which is krypton enriched, while the concentration of krypton is the lowest
at the liquid reservoir inside the reboiler. This liquid will be used for �lling the detector.
A key parameter of the column is the separation factor, which describes the ratio between
the krypton concentration at the inlet and at the liquid outlet. The number of stages
necessary for a certain separation factor and accordingly, the height of such a column can
classically be calculated by the McCabe-Thiele method. However, if this principle is feasible
for low concentrations in the sub-ppb regime is questionable, because of the lack of krypton
molecules to create a classical liquid phase. A detailed description of the working principle
and a description of a test column can be found in [Mur14].

4.2.2 The distillation column of the XENON1T experiment

An example of a multi-stage distillation column, operated in partial re�ux mode, is the
distillation column prepared at the University of Münster for the XENON1T experiment
(see �gure 4.5). This column, with a total height of 5m, has 3m of package material and is
built to operate with a feed through of 3 kg/h, while losing only 1% gas at the o�-gas line.
A striking feature of the distillation column are 6 analysis ports, where gas can be extracted
for analysis purposes to measure a krypton concentration gradient along the column. Tests
of a version with only 1m package material showed a concentration at the liquid output
of less than 26ppq at3 90% CL. measured with a rare gas mass spectrometer (RGMS)
supported by a gas-chromatograph (GC) at the Max-Planck Institut in Heidelberg (see 4.3.2
and [Sto14]), which surpasses the goal of the XENON1T experiment by almost two orders of
magnitude. Furthermore, the measurement revealed a separation factor greater than 4500.
These numbers are only upper and lower limits with a con�dence level of 90%, since the
measurement of the liquid out concentration was at the sensitivity edge of the GC-RGMS-
system. Detailed information can be found in the upcoming PhD thesis of S. Rosendahl
[Ros14a].

4.3 Detection methods

The detection of 85Kr is a challenging task since it is abundant only at traces in dark matter
experiments as described in this chapter. Because of that, it is usually easier to refer to
the total krypton concentration and assume a �xed ratio between the isotope 85Kr and
the natural isotopes. Still, the measurement of concentrations below the ppm-level4 is also
not trivial and often require methods, which are extensively time or gas consuming. This
section will show examples of methods applied to determine the krypton concentration in
the XENON100 and XENON1T experiments, referred as o�ine methods, since they do not
provide a result directly at the gas sample taking or live at detector operation, whereas the
chapter 5 presents an investigation of a speci�c method for an online analysis.

31ppq (parts per quadrillion) = 10−15

41ppt (parts per million) = 10−6
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Figure 4.5: Picture of the 5m distillation column being prepared for the XENON1T exper-
iment. The insulation vacuum vessel is lowered, providing a clear view on the
reboiler.
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4.3.1 Direct measurement with the detector

Two possible methods can be used in order to analyze data provided by the TPC itself to
classify the krypton concentration. These are directly related to the 85Kr-isotope.

Delayed coincidence method

As shown in �gure 4.3 the decay of 85Kr into 85Rb is possible over two ways. While the main
fraction decays directly, there is also a two-step process with a branching ratio of 0.43%,
where �rstly a β-decay into an excited state of 85Rb takes place, which then relaxes into
the next state by a γ-emission. This delayed release of a β-particle with 173.4 keV and a
gamma with 514 keV can be searched for in the waveforms, recorded by the PMTs inside
the detector. Then by simply counting this events and taking the detection e�ciency into
account, it is possible to put a number on the 85Kr concentration. One disadvantage of this
method is being given by the fact that a similar decay from the primordial decay chain of
232Th5 disintegrates with comparable conditions. Furthermore, the exposure time to collect
su�cient statistics, which are heavily decreased, due to the small branching ratio, scales
with the concentration and is in the scale of a few months for concentrations around 20ppt
[Lin13]. Therefore a statement is only possible after the scienti�c dark matter run and in the
worst case only as an upper limit, if the sensitivity is limited by the statistics and external
factors. Additionally, if the krypton concentration changes during the time, e.g. due to air
leaks, it becomes di�cult to distinguish this in time.

Spectral shape analysis of the electromagnetic background

Another option is a careful shape analysis of the low electromagnetic background, where all
known background sources and detector energy resolution are used to �t the background.
The advantage of this method lies in the fact that almost every decay of 85Kr counts, but
becomes insensitive, if krypton is not one of the main background sources anymore [Lin13].

4.3.2 External setups

Two external setups are developed and used for the XENON project. Both have in common
that a sample taking and transport to the respective facilities is necessary, which is time
consuming, additional to the already needed time for the measurement itself.

5The decay of 212Bi into 212Po can also occur as a two step process, and overlaps partly with the time
and energy window of the 85Kr decay.
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Figure 4.6: ATTA system schematic. Selected components and laser beam directions (red ar-
rows) are shown. Metastable atoms are generated and cooled by a RF source with
an attached cold �nger, collimated by three transverse cooling stages (TC1-TC3),
decelerated with the Zeeman slowing technique, and captured in the magneto-
optical trap (MOT) for detection. Figure and caption taken from [Apr13].

Atom trap trace analysis (ATTA)

The atom trap trace analysis (ATTA) is a detection system, using laser cooling to trap target
atoms (84Kr in this case) and counting single atoms, thus extracting a total concentration
in the gas probe.
The working principle is shown in �gure 4.6. A gas sample is injected in a high-vacuum
chamber with constant input pressure, creating a continual atom �ow. These atoms are
excited to a metastable state by a radio frequency plasma discharge. Afterwards this atom
beam is collimated and slowed down (by Zeeman tuning) for periodical capture in a magneto-
optic trap, which is all established by a semi-conductor based laser system. Detection is done
by a measurement of the �uorescence light of the trapped atoms with an avalanche photo
diode (APD). For known systematics, generated by calibration measurements, and known
input �ow, the atoms per unit time can be calculated and therefore also the concentration
in the sample.
This technique is in development, and since it has shown proof of principle below the ppm-
regime [Apr13], the actual sensitivity is under research. While the e�ective measurement
time depends on the concentration itself (expected signal of 0.7 atoms per hour) and is in
the order of hours, the transport of a sample to the setup itself takes order of days at the
moment, due to its location at the Columbia University, which limits the possibility of live
analysis. Detailed description can be found in [Apr13].



4.3 Detection methods 33

Figure 4.7: Scheme of the setup for a gas chromatography supported rare gas mass spec-
trometer. The main devices for the measurement are the gas chromatograph to
separate krypton from xenon and the sector �eld mass spectrometer working as
a detector. A calibration device is installed in between these two components for
reliably testing the system with pipettes with known concentrations of krypton.
Figure from [Lin13].

GC-RGMS

A natural approach for krypton in xenon measurements is the use of a mass spectrometer.
However, the sensitivity of commercial mass spectrometers is far below the necessary limit
(more details in the following chapter 5). For this reason di�erent techniques of reproducible
separation of krypton from the xenon gas sample are tested. One successful technique is the
gas chromatograhpy (GC), where a gas sample is mixed with ultra-pure helium, acting as
a carrier gas (mobile phase), and then forced through di�erent stages of columns �lled with
special adsorbents (stationary phase). Di�erences in the interaction strength between the gas
components and the adsorbent and consequently, in the retention time, which is depending
on the characteristic moving velocity of each component, lead to clear separation. Since the
whole system is cryo-cooled, the temperature can be adjusted to optimize for di�erent vapor
pressures of di�erent components. For krypton in xenon this system has been successfully
tested with a succeeding sector �eld mass spectrometer (MS) as seen in �gure 4.7. The
gas batch from the GC is collected at a cold �nger at the ion source of the MS. A warm
up distributes the gas inside the setup, and then gets ionized by electrons, focused and
accelerated by electric �elds towards a magnetic dipole �eld, separating the ions. Detection
is achieved by a secondary electron multiplier or a Faraday cup.
With this setup a sensitivity limit of 8 ppq has been claimed [Lin14] and has been applied,
e.g. to the measurement samples from the Münster column (see previous section). A detailed
description of the method and its measurement can be found in [Lin13], [Lin14] and [Sto14].





Chapter 5

An experimental method for online

krypton detection

Several methods for the detection of krypton in xenon have been introduced in the previous
chapter. All of them have in common that the results for the krypton concentration are
not available directly at sample taking due to various reasons (thus they are called o�ine
methods). Therefore, based on the technique of Dobi et al. [Dob11], a dedicated online
system has been developed, focusing on fast results, while reducing the required amount
of xenon to an absolute minimum. For this reason, di�erent aspects have been tested on
an existing setup (RGA-I) presented in [Bro13] and have been implemented into a new
mobile system (RGA-II), which is designed to measure directly at the XENON1T experiment.
This chapter will provide a general overview of the idea behind the method and detailed
information about the detection technique itself, the realization at the two di�erent setups
and their characterization.
The experimental setup and the obtained result have been produced in collaboration with
Michael Murra and Stephan Rosendahl, who will use a part of these results in his dissertation
[Ros14a].

5.1 Overview of the measurement method

The centerpiece of this method is a mass spectrometer (in this setup used as a residual gas
analyzer (RGA)), separating and detecting incoming particles by their mass-over-charge ra-
tio (see section 5.2.2). However, without additional supporting techniques, the sensitivity of
commercial available mass spectrometers is not su�cient, since the concentrations of interest
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are below the ppm-level.
In �gure 5.1 a basic scheme of the auxiliary structure is shown, which is used to overcome
the sensitivity limit of a commercial mass spectrometer. A fraction of a standard liter of
xenon gas, with unknown krypton concentrations, is introduced into a cold trap (see section
5.2.3), where a part of the gas routing pipe is cooled down to 77K by submerging it into liq-
uid nitrogen. This provides an arti�cial enhancement of the krypton concentration, as most
of the xenon is frozen at this part, while the krypton passes almost unattached, due to its
higher vapor pressure and low partial pressure (detailed description in 5.2.3). Additionally,
to prohibit saturation at the RGA by the bulk of xenon, pressure reducing elements in form
of di�erential pumping sections (DPS) (see section 5.2.4), are placed in front and behind of
the cold trap. Moreover, the mass spectrometer is only used in the mass region of interest,
which is selected to register krypton but prevent any xenon detection.
Furthermore, a special custom-made butter�y valve (BFV), is mounted before the turbo
molecular pump (TMP), which allows to control the gas load inside the measurement cham-
ber via control over the pumping speed. This increases the dynamic range and provides a
higher sensitivity (described in section 5.2.5).

Figure 5.1: Scheme of the detection setup. A mass spectrometer, used as a residual gas
analyzer (RGA), supported by a cold trap (CT) for enhanced krypton concen-
tration. Furthermore, two di�erential pumping sections (DPS) are included for
reliable measurements and additionally, a butter�y valve (BFV) in front of the
turbo molecular pump is necessary for measurements with increased sensitivity
compared to a stand-alone mass spectrometer.
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5.2 Detailed description of the mobile measurement

setup (RGA-II)

Figure 5.2: Complete �ow chart for the mobile online detection setup, referred as RGA-II
setup. This version, containing a pressure regulator, is dedicated for systems
providing an overpressure, as for example direct measurements at gas bottles for
the XENON1T experiment. The DPS3, at the bypass of the cold trap, is not
implemented yet, but is planned to be used for analysis of other impurities.

One of the main tasks of this thesis was to improve the existing setup at the University
of Muenster, described in [Sch12] and [Bro13], and implement its features into a mobile
device, which is able to measure directly at the XENON1T facility at the LNGS. In �gure
5.2 the underlying �ow chart is shown as it was designed within this thesis. The completed
setup attached to the distillation column for the XENON1T experiment at the University
of Muenster is presented in �gure 5.3.
The speci�c elements will be described and characterized for the RGA-II setup in this section,
while the follow-up section will introduce an overview of the stationary setup (RGA-I) and
outline the di�erences compared to the RGA-II setup.
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Figure 5.3: Picture of the RGA-II setup attached to the distillation column at the University
of Muenster. Marked are the quadrupole mass �lter with the subsequent elec-
tronics attached to the measurement chamber and the bent stainless steel coil
used as a cold trap, with its vacuum gauge, measuring the pressure at this point.
The gas routing, important for a krypton detection measurement, is indicated
by the orange arrows.

5.2.1 Ultra-high vacuum conditions at the setup

A system achieving a sub-ppm sensitivity needs ultra-high vacuum (UHV) conditions for the
operation to avoid impurities of the setup contaminating the analyzed gas sample. Further-
more, the used quadrupole mass spectrometer requires a pressure level below 1× 10−5mbar
for its full functionality.
In the RGA-II setup a turbo molecular pump with magnetic bearing (type: Oerlikon Leybold

TurboVac Mag W300iP) combined with an oil-free backing pump (type: Oerlikon Leybold

Scrollvac SC5D) achieves pressures below 1.33× 10−8mbar at the RGA measured by a vac-
uum transducer (type: mks 972B Dual Mag). While these oil-free pumps are used, in order
to avoid contamination by hydrocarbons, the removal of water and other impurities was
achieved by baking out the system at temperatures of 220 ◦C after every venting. Addition-
ally it has been leak checked with a combined leak check system (type: Oerlikon Leybold

PhoeniXL 300 ) down to leak rates lower then 1× 10−10 mbar·l
s

.
A UHV gate valve (type: VAT UHV mini gate valve 1032 ) is placed in between the mass
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Figure 5.4: Principle scheme of the used residual gas analyzer with its main elements (ion
source, analyzing section and detector). Drawing taken from [Inf04].

�lter and the measurement chamber to avoid contamination of the mass �lter, as it can be
closed if the system is e.g. exposed to air. Furthermore, because of maintenance reasons
a second gate valve (type: VAT UHV gate valve 10840 ) is placed in front of the turbo
molecular pump.

5.2.2 Residual gas analyzer (RGA)

As already mentioned, the krypton detection is done by a mass spectrometer acting as a RGA.
In this particular setup a quadrupole mass �lter is used, which is advantageous because of
its linearity over a wide range and its robustness in the practical use. Figure 5.4 shows the
major components of the implemented In�con Transpector2 H200M quadrupole mass �lter
as used for the RGA-II setup, which can be divided into three main parts providing the
impurity detection:

1. Ion source

Neutral atoms of interest have to be ionized for detection with a quadrupole mass �lter,
which is realized by electron ionization. Therefore, an electron beam produced by heating
a �lament, made of an iridium wire mixed with thorium-oxide, is focused into an ion cage,
which is mounted to an anode. As it is �lled with the residual gas, the electrons ionize
the neutral gas molecules, producing mainly single ionized particles. However, with less
abundance, also multiply ionized atoms are generated this way, based on the energy of the
incoming electrons, as well as on the gas species itself. This provides a possible discrimination
of di�erent components with same masses, due to the changing ionization probability for
each element. The pressure of the residual gas is not allowed to overcome a threshold of
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6.6× 10−4mbar for the Transpector2, as this would decrease the mean free path of the ions
below a critical level.
Since the Transpector2 detects positive ions, the focus lens, which forms an focused ion
beam towards the mass �lter, is on negative potential compared to the ion cage, as well as
the source exit lens. By measuring the total current produced by the ions at this point, the
RGA is able to measure the total pressure with an error of 30%, providing a cross check of
the additional vacuum gauge [Inf99].

2. Mass �lter

A quadrupole mass �lter works as the analyzing section of the RGA �ltering ions by their
mass-over-charge ratio1 (m

z
). This device has four alternately charged cylindrically shaped

rods2, which are all connected to a potential Φ, consisting of a radio frequency voltage V
with a frequency ω and a superimposed DC-voltage U , as shown in �gure 5.5:

Φ = U + V cos(ωt). (5.1)

Incoming ions perform harmonic oscillations in this potential, with an amplitude depending
on their mass-over-charge ratio m

z
, the applied frequency ω and the ratio of the set amplitudes

U
V
. The trajectories of these ions, in dependence of this parameters, can be calculated by

the Mathieu di�erential equations, which are described in detail in [Gro11]. Solving this
equations, it leads to the main conclusion, that for certain values stable trajectories exist,
where the amplitude of the ion oscillation is less then the distance between the rods at all
times. As a result of this, when choosing ω and U

V
properly, transmission of ions with the

desired mass-over-charge ratio is established. This can be varied by changing the absolute
values of the amplitudes U and V , while maintaining their ratio. If an ion does not match the
correct mass-over-charge ratio, it will have an increasing amplitude, leading to decharging
collisions with the rods, as soon as the amplitude of the oscillation exceeds the distance
between them.
An important note is, that the choice of parameters is always a trade-o� between mass
resolution and sensitivity [Wut06] but is automated in the software provided by the company
and hence not supposed to be changed for the Transpector2.

3. Detector

As the selection of the ions with correct mass-over-charge ratio is provided by the analyzing
section, the detection part of the RGA is only a counter for the incoming ions. Therefore, the
ion beam leaving the mass �lter is focused towards a Faraday cup (FC), which is a metal cup
on ground potential, connected to a measurement device registering the current produced
by the ions, which can be read out directly as a signal based on the incoming ion amount.
Additionally, the Transpector2 has an electron-multiplier (EM), which can be activated as
an ampli�er of the incoming current into the Faraday cup. While the FC is directly mea-
suring the charge, the EM increases the signal proportionally for every electron created by

1The mass-over-charge ratio m
z is dimensionless, as the mass is de�ned here equal to the mass number

A known from nuclear physics as well as the charge z, which is equal to the atomic number Z.
2Theoretically, an optimized quadrupole mass �lter should consist of hyperbolic shaped rods, but for

practical reasons the cylindrical shapes are used, which produce an electric �eld close enough to the theo-
retical description of the hyperbolic ones, if the radius is chosen properly to the length [Wut06].
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Figure 5.5: Cross section of four cylindrical rods with marked potentials on each rod. As
shown, opposite rods lie on equal potential. Only ions with the chosen mass-over-
charge ratio will surpass the rods una�ected depending on the chosen values of
U , V and ω. Figure taken from [Ket12]

incoming ions. This ampli�es the signal, and thus the sensitivity, from 7.6× 10−5A/mbar
to 380A/mbar according to the company [Inf09] but limits the measurable concentration,
since an integrated signal exceeding 5× 10−7A is noted as potentially dangerous for the EM.

5.2.3 Cold trap

As the RGA is not capable of detecting gas traces in xenon below the ppm-level by itself, an
enhancement of the concentration is a common approach in order to increase the sensitivity.
A possible method to enhance the krypton concentration is the removal of the xenon, while
keeping the krypton amount constant. This can be achieved by using the freezing behavior
of these two components at low temperatures, which vary due to the di�erence in vapor
pressures (see �gure 5.6).

Vapor pressure

If a two-phase system, liquid-gas or solid-gas, is in thermal equilibrium, a gaseous phase,
called vapor, is existing above the liquid/solid. The pressure P of this vapor is dependent
on the temperature T in a non-linear way, described by the Antoine equation derived from
the Clausius-Clapyeron-relation:

log10 P = A− B

C + T
. (5.2)
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All three parameters A, B and C are gas component-speci�c constants. As a result of this,
the vapor pressure is characteristic for a speci�c component and di�ers for each substance.
A derivation of this equation can be used to calculate boiling points, which are reached if
the vapor pressure matches the ambient pressure.
As shown in �gure 5.6, krypton has always a higher vapor pressure than xenon, thus called
the more volatile component. At the temperature of liquid nitrogen (77K) the vapor pressure
of krypton (derived from [Lid07]) is around

PKr ≈ 2mbar,

while xenon has a vapor pressure of ([Leo10])

PXe ≈ 2.4× 10−3mbar,

which is a di�erence of three orders of magnitude. Theoretically, this means that up to a
pressure of 2mbar for krypton, respectively 2.4× 10−3mbar for xenon, no transition into the
liquid or solid phase takes place at this temperature.
Technically, this can be used for an enhancement of the krypton concentration, since the
partial pressure of krypton, even for high concentrations at the ppm-level, does not exceed a
partial pressure of 2mbar, which means it should not freeze-out at the cold trap at 77K. On
the contrary, xenon freezes at the cold trap down to its vapor pressure forming xenon ice.
This e�ectively reduces the content of xenon in the gaseous phase, while the krypton amount
stays constant, thus increasing the krypton concentration depending on the gas amount used
for a measurement.

Figure 5.6: Vapor pressure of krypton (black) and xenon (red) in dependence of the temper-
ature [Lid07]. The region of interest at 77K shows a pressure of about 2mbar for
krypton, while the extrapolation of xenon is around 10−3mbar, thus separating
them by 3 orders of magnitude.
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Technical realization

In �gure 5.7 the technical realization of the cold trap concept is shown. A stainless steel
(316L) tube with an inner diameter of 10.21mm and a length of about 4m has been bent
into a coil for practical use, thus allowing for submerging it into a Dewar vessel �lled with
liquid nitrogen. During all measurements no in�uence of the immersion depth has been seen,
as long as the gross of the coil is covered with liquid nitrogen. Investigation with ultra-pure
xenon, provided by the cryogenic distillation column of the University of Muenster, has
shown reproducible pressures inside the cold trap of

pct ∼ 3.3× 10−3mbar,

measured by an active gas-independent diaphragm capacitance gauge (type: Oerlikon Ley-

bold Ceravac CTR100 ) with an 1% error at read-out, being in good agreement with the
value measured by [Leo10]. For the �nal setup, measurements with the RGA-II using a
di�erent sensor (type: mks 972B DualMag transducer) have been performed. This sensor,
which operates either as a Pirani gauge or quanti�es the pressure based on the cold-cathode
ionization, showed a pressure value of 3.4× 10−3mbar at the cold trap including a correction
factor of 2.87 [MKS14] to the read-out of 1.2× 10−3mbar. As the sensor is working at this
pressure on its transition region, the read-out error varies between 10% and 30% [MKS12],
depending which mode is used, which means the pressure is consistent with the value ob-
tained beforehand in any case.
Independent of the introduced amount of xenon, this pressure is constantly achieved, leading
to the strong assumption that the cold trap works as expected and is able to reproducibly
freeze-out the introduced xenon down to its vapor pressure. This is also an independent
measurement of the vapor pressure of xenon at 77K, where almost no data exists.

5.2.4 Di�erential pumping sections

Having the cold trap principle in mind, two important constraints at the inlet and the outlet
have to be considered. On the one hand, to guarantee the complete freeze-out of xenon up
to its vapor pressure it is necessary to limit the in-going �ow of the cold trap. Additionally,
if the xenon is contaminated with impurities, which are not freezing out in the cold trap
(e.g. other noble gases like argon, helium or krypton), the pressure inside the measurement
chamber will exceed the vapor pressure of xenon, which makes a reduction of the input �ow
essential to prohibit damages at the RGA.
On the other hand, as the provided pressure at the cold trap is at least the pure xenon vapor
pressure of ∼ 10−3mbar, the maximum operating pressure of the RGA of 6.6× 10−4mbar
would always be exceeded, which makes a measurement impossible, and hence, the gas �ow
from the cold trap to the measurement chamber has to be reduced as well.
These issues are resolved with two di�erential pumping sections (DPS), where one is placed
at the entrance (DPS1) and one at the outlet of the cold trap (DPS2). Figure 5.8 shows both
DPS, which are simply low conductance elements with a slightly di�erent design adapted
to the speci�c needs of their positioning inside the system (see �gure 5.7). While the inlet
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Figure 5.7: Front view of the bent stainless steel coil referred to as cold trap. Additionally
marked are the two di�erential pumping sections and the gas routing (red arrows)
for a krypton measurement. The Dewar vessel used to submerge the coil into
liquid nitrogen is not shown.

DPS1 needs to provide a pressure reduction from 1 bar down to a pressure slightly above
the vapor pressure of xenon, the DPS2 at the outlet of the cold trap needs to reduce the
pressure from the vapor pressure further down to a pressure level suitable for operating the
RGA safely.
Because of that, DPS1 is a capillary tube with a length of 20mm and a diameter of 0.1mm,
which is laser welded into a VCR gasket for simple implementation into any VCR connection.
Due to the machining process, which has a large tolerance especially for the diameter of the
DPS1, these values may vary and because of that change the characteristics of the DPS1.
For the DPS2, only a small hole with a length of 5mm and a diameter of 1mm has been
drilled into a laser welded junction inside a VCR gasket. The pressure pin of the �ow into the
DPS1 is monitored by a pressure transducer of the type Swagelok PTU-S-AC931AD while
the pressure pct at the DPS2 is measured with a mks 972B DualMag Transducer.
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(a) (b)

Figure 5.8: (a) Technical drawing of the two di�erential pumping sections. While the inlet
DPS1 into the cold trap consists of a capillary with a designed length of 20mm
and a diameter of 0.10mm, the outlet DPS2 is a drilling with a diameter of 1mm
and a length of 5mm. (b) Pictures of the two built DPS used in the RGA-I setup.

Characterization of the �ow

The comparability of di�erent measurements depends strongly on the knowledge of the �ow
through the system, since the krypton amount is directly correlated to the total in-�owing
gas, while the xenon amount is �xed to its vapor pressure. As a result of this, investiga-
tion of the �ow through the system is of crucial importance. If not mentioned otherwise
all equations are based on [Wut06] and errors are only shown, if necessary for a qualitative
description.
Di�erent kinds of �ows are characterized by their dominating interaction of the particles. If
the molecules are mainly interacting with the walls of the tubing, since their mean free path
is larger than the diameter of the tubing, this is called a molecular �ow. However, if the
dominating interaction is between the particles itself, which is the case for a mean free path
small compared to the dimensions of the tubing, it is called a viscous �ow. Quantitative
analysis lead to the so called Knudsen number Kn, which is de�ned as the ratio of the free
mean path ` and the pipe diameter d:

Kn =
`

d
(5.3)

A Knudsen number above 0.5 characterizes a molecular �ow, while a ratio below 0.01 refers
to a viscous �ow. If the ratio is in between, it is classi�ed as Knudsen �ow, where it is in
transition between molecular and viscous �ow.
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Using the expression of the mean free path through

` =
π

4
· cη
p
, (5.4)

with the viscosity η, the mean particle velocity c and pressure p of the particle �ow, the
Knudsen number can also be written as:

Kn =
π

4
· cη
pd

(5.5)

For the RGA-II the usual inlet pressures are in the order of 1 bar and with the designed
diameter of the DPS1 0.1mm, a viscosity for xenon at room temperature of 2.3× 10−5 kg

m·s
and a mean particle velocity of about 217m/s at 293K, a Knudsen number of 4× 10−4 for
the �ow into the DPS1 is estimated. However, since the �ow inside the DPS1 changes due
to the pressure reduction, it is also interesting to characterize the out-going �ow. Using now
the typical outlet pressure of around 5× 10−1mbar (measured by the vacuum gauge at the
cold trap) a Knudsen number of ∼80 is obtained. Thus, while starting as a clearly viscous
�ow, it is transformed into molecular �ow at the end of the DPS1.
As a result of this, the Knudsen number for the DPS2 is always above the molecular limit,
since the input �ow is already of molecular nature.
Additional characterization of a viscous �ow is given by calculation or observation of the
�ow velocity pro�le. If the viscous �ow is mainly moving along with a constant velocity
pro�le, it is called laminar �ow, which means it is faster in its center then on the edge, due
to friction with the walls. If the �ow is dominated by turbulence, it is called a turbulent �ow.
Depending on its mean �ow velocity ν, density ρ, dynamic viscosity η and the diameter d,
the so called Reynolds number is de�ned:

Re =
ρ · ν · d
η

(5.6)

For a circular pro�le, it has been found empirically, that a Reynolds number above 4000
indicates a turbulent �ow, while a Reynolds number below 2300 refers to a laminar �ow,
with a transition region in between. The mean �ow velocity ν can be obtained by the volume
�ow rate q through the system as described in the following relation:

ν =
1

A
· dV
dt

=
4

πd2
· q
p

(5.7)

In contradiction to the mean �ow velocity, the volume throughput and hence, the �ow rate
can be measured or can be derived from the pressure drop dp/dt at a �xed volume V in the
following way:

q = −V · dp
dt

(5.8)
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For this purpose the pressure drop, which is recorded as a function of time (see �gure 5.9),
is �tted with an exponential function3:

pin(t) = ea·t+a0 (5.9)

Calculating the derivative dpin/dt of the exponential �t, the �ow q through the DPS1 for
any given time (see �gure 5.9) can be determined, if the volume is known (see chapter 6.1.2
for more details on volume determination). Inserting equation 5.7 into equation 5.6 allows
for the calculation of the Reynolds number. From the example shown in �gure 5.9, which is
characteristic and reproducible for the RGA-II setup, an estimation of the Reynolds number
range by using the upper value of the �ow of 0.9 mbar·l

s
and the lower value of 0.3 mbar·l

s
, is

obtained. Thus, the Reynolds number is varying from ∼ 2600 for 1.2 bar inlet pressure and
∼ 900 for 0.4 bar inlet pressure, which indicates a turbulent �ow changing into a laminar
�ow during gas introduction.

Figure 5.9: Inlet pressure drop from 1.2 bar down to 0.35bar versus time (upper plot) �tted
with an exponential function (black line). The lower plot shows the calculated
�ow out of the derivative of the �t combined with a volume factor, representing
the used volume for injection into the system.

3An exponential �t is not clearly indicated by theory, but was chosen to �t the data for inlet pressures
from 1.5 bar and below, as the pressure drop over time has similarity to an exponential drop.
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Conductance (DPS1)

The main parameter of DPS is the conductance C, which is generally de�ned as

C =
q

∆p
, (5.10)

with the volume �ow q and the pressure di�erence ∆p = pin - pout. Depending on the �ow
type, the conductance is either changing with the inlet pressure (viscous �ow) or is only
given by the physical dimensions of the DPS (molecular �ow).
As already mentioned, the designed dimensions of the DPS1 can vary from the realized
dimensions, which has a huge impact on the conductance CDPS1, considering that the diam-
eter has a strong in�uence on it independent of the �ow type. As a result of this, directly
determining the conductance via measurements of the pressure drop and use of equation
5.10 is chosen for a qualitative analysis of the conductance. Taking into account that the
calculation of the Knudsen and the Reynolds numbers showed that the �ow type changes
inside the DPS1, a direct measurement of the conductance becomes more important, since
approximations become more complex.
If the inlet pressure pin is much larger than the outlet pressure pout, which is the case for
the DPS1 (1000mbar� 5× 10−1mbar), the conductance from equation 5.10 can be written
as:

CDPS1 = −V ·
dp
dt

pin
(5.11)

Using the exponential �t method described at equation 5.9, one can see that the conductance
becomes a constant factor within a measurement, as the input pressure drop pin and its
derivative dp/dt, are only di�ering by a constant factor:

CDPS1 = −V · a · e
a·t+a0

ea·t+a0
(5.12)

This way the conductance CDPS1 has been calculated to be around:

CDPS1 = 6.7× 10−4 l
s

It has to be noted that this is based on the approximation by an exponential function, and
thus it is only an estimation for the value and behavior of the �ow, but as it is recorded with
every measurement, this can be considered at analysis.

Conductance (DPS2)

As the �ow through the DPS2 is a molecular �ow, it allows for the calculation of the conduc-
tance CDPS2 by the geometric dimensions of the DPS2, which are also more accurate than
the DPS1, as this is a drilling with a diameter of 1mm.



5.2 Detailed description of the mobile measurement setup (RGA-II) 49

By using the equation

CDPS2 =
π

16
c · d2 ·

14 + 4 l
d

14 + 18 l
d

+ 3( l
d
)3
, (5.13)

a theoretical value for the conductance CDPS2 can be computed. Inserting the DPS2 di-
mensions and the properties of the xenon gas used at room temperature, a conductance
of

CDPS2 = 8.1 · 10−3
l

s

is calculated, which is higher than CDPS1 as expected since it has a much larger diameter.
The knowledge of the conductance provides the possibility to calculate the in�ow to the
measurement chamber qin by transforming equation 5.10 into

qin = CDPS2 ·∆p. (5.14)

Approximating ∆p with the pressure pct, which is allowed since the pressure pct on the inside
is much larger than the pressure pmc at the outlet, leads to a �ow into the main chamber
of

qin = 2.7× 10−5 mbar·l
s

5.2.5 Butter�y valve

An important instrument for increasing the sensitivity of the setup is the butter�y valve
(BFV). As shown in �gure 5.10, this valve consists of a metal plate mounted on a fully
rotational feed-through. For reproducible positioning of the valve, a scale is added to the
feed-through with a manual read-out, which is precise to 0.1◦. The advantage of this valve
lies in the fact that it provides a direct control of the pumping speed, if added as a vari-
able conductance CBFV in front of the turbo molecular pump, as expressed in this equation
[Wut06]:

Se� =
CBFV · S
CBFV + S

(5.15)

with the pumping speed S and the e�ective pumping speed Se�. Due to the change in pump-
ing speed, the gas load inside the measurement chamber is selectable, granting a dynamic
range for measurements of di�erent gas compositions, without risking to damage the RGA
or losing sensitivity as it would be the case for a �xed system.

In�uence on the e�ective pumping speed

In open mode (90◦ position) the e�ect of the BFV on the pumping speed is negligible since the
active area towards the turbo molecular pump is small compared to the opening. In closed
mode (0◦ position) the active area is at its maximum, but this does not lead to a complete
close-o�. For mechanical reasons the metal plate has been machined with a certain tolerance
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Figure 5.10: Picture of the butter�y valve in its two extreme positions mounted in the mea-
surement chamber of the RGA-II setup. On the left it is fully closed providing
the lowest possible conductance and on the right it is fully open for almost no
change in pumping speed. Control is granted by a fully rotational feed-through,
which can be adjusted with a precision up to 0.1◦. The measurement chamber
is mounted directly on a turbo molecular pump for a maximum in�uence on the
pumping speed.

compared to the dimensions inside the main chamber, otherwise it would lose the ability
to be fully rotational. Because of that, a small opening along the complete circumference
exists, leading to a constant out�ow even in fully closed position. The reduced pumping
speed Se�, introduced in equation 5.15, can also be calculated (see equation 5.16 [Wut06]),
through the gas �ow out of the chamber qout and the gas load inside, which is expressed by
the pressure pmc.

Se� =
qout
pmc

(5.16)

If this pressure inside the measurement chamber is constant, the in-going �ow qin is equal
to the out-going �ow qout. For the used turbo molecular pump the company speci�es a
maximum pumping speed S of 300 l/s for nitrogen. Since this is based on the molecular
mass, it will be at about 80% for xenon [Pfe14]. Table 5.1 shows example measurements
with the computed values for the Se� using the in-going xenon �ow qin = 2.7× 10−5 mbar·l

s
,

obtained from the DPS2 calculation. The expected result of a non-reduced pumping speed
of ∼ 240 l/s for full opening of the BFV is not proven by this measurements, since it is only
around 10% of the pumping speed at 90◦. This is most likely due to the fact, that the
pressure sensor is connected via a CF40 connection to the measurement chamber, which is
an additional conductance.
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Table 5.1: Determination of the e�ective pumping speed Se� for di�erent opening angles α
of the butter�y valve

α [◦ ] pMC [10−6mbar] Se� [l/s] Se� [%]
90 0.9 28.7 100
75 1.0 27.0 94.7
20 5.2 5.2 18.3
15 7.0 3.9 13.6
10 18.3 1.5 5.2
5 27.6 1.0 3.5
0 45.8 0.6 2.1

Therefore the pressure reading at the sensor is not equal to the pressure inside the measure-
ment chamber. However, while an understanding of the absolute value is not important,
the relative change of pressure, and thus in gas load, by a factor of 50, proves the working
principle of the butter�y valve.
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5.3 The �xed setup at the University of Muenster

(RGA-I)

The �xed RGA-I setup (see �gure 5.12), which is described in [Sch12] and [Bro13] was also
used for diverse measurements within this thesis. This setup is �xed at the gas system at
the University of Muenster and hence, not suitable for applications at the XENON1T ex-
periment. However, due to gas routing specialties it was used for tests of the distillation
column at its building phase and also for cross calibrating the RGA-II setup.
As the RGA-I setup was the �rst test setup, the basic measurement method is the same, but
a couple of parts are di�erent:
The size of the cold trap (see 5.12), which has about two times less surface than in the
RGA-II setup, the length of the DPS1 capillary (10mm in RGA-I compared to 20mm in
RGA-II) and the design of the butter�y valve (see �gure 5.11) are remarkable di�erences.
Additionally ,the RGA-I is missing any gate vales, which increases the risk of contamination
of the system.
Another variation at the RGA-I setup is the pressure reading, which is provided at the
measurement chamber by a cold cathode ionization/Pirani gauge-combination (type: Oer-
likon Leybold PTR 90 ) with a read-out gas correction factor of 0.4 for xenon gas. The used
pressure sensor at the cold trap of the RGA-I (type: Oerlikon Leybold Ceravac CTR100 )
provides a gas-independent check of the vapor pressure.

Figure 5.11: Butter�y valve of the RGA-I setup. A metal plate on a rotational feed-
through with an added scale is implemented in a low conductance �ange directly
mounted at the turbo molecular pump. The main di�erence to the butter�y
valve, used in the RGA-II setup is the reduced pumping speed due to the already
low conductance �ange at the fully open position.
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Figure 5.12: RGA-I setup implemented into the gas-system at the University of Muenster.
The direction of the gas �ow is indicated (orange arrows). As seen, the cold
trap used in this setup has less surface compared to the RGA-II setup by a
factor of 2.





Chapter 6

Investigation and Calibration

The main task of the previously described method is the determination of unknown kryp-
ton concentrations in xenon gas samples provided by various sources. Thus, an extensive
knowledge of the systems reaction towards changing properties of di�erent gas samples is
necessary. Therefore, qualitative measurements at di�erent conditions, in terms of gas com-
position and �ow dependence, are in the focus for a basic understanding of the detection
method. Furthermore, as the particle behavior inside the cold trap is of crucial importance,
but not well described theoretically, reproducible measurements with gas samples of known
krypton content have to be studied for a calibration of the system.
In this chapter this investigative evaluation will be presented with possible explanations of
di�erent observations made within those measurements. Additionally, one of the main as-
pects of this thesis, the calibration of both systems (RGA-I and RGA-II) is presented in its
technical realization, as well as the required steps in analysis for the obtained results, which
are shown in the end of this chapter.

6.1 Gas �ow behavior and purity analysis

Since the mass spectrometer itself provides a reproducible response for an equal krypton
amount, the signal strength is only depending on the number of krypton particles introduced
to the system. This number is given by the initial intrinsic concentration of the gas sample
and the fraction of krypton reaching the measurement chamber, which is in�uenced by the
�ow behavior inside the system.
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Figure 6.1: Mass spectrum (signal current in dependence of the mass-over-charge-ratio) of
masses between 1 and 45 for two di�erent gas samples taken with the RGA-I in
Faraday cup mode. While the �rst sample (red) was obtained from a gas bottle
directly and exceeds the vapor pressure, the second sample (black) was puri�ed
gas from the distillation column, which provides vapor pressure at the cold trap.

6.1.1 Gas purity analysis

Previous investigations made by [Bro13] and [Sch12] at the RGA-I setup, as well as [Ket12]
on a preceding setup, have shown a pressure above the expected vapor pressure, when a
commercial xenon sample, or any mixture derived from it, was introduced into the cold trap.
This lead to the assumption, that the (di�erent) cold traps have not been able to freeze the
in-going xenon �ow completely.
Due to the advantage of a working cryogenic distillation column ([Mur14]) and a �rst cleaning
device beforehand, the so called pre-separator ([Ros14b]), it was possible to test gas samples
which were puri�ed from any gas with a higher vapor pressure than xenon, including main
impurities as argon, nitrogen and helium. This kind of puri�ed xenon gas samples have been
introduced in the cold traps of both RGA setups, resulting in pressures pct (see 5.2.3) of
around:

pct ∼ 3.3× 10−3mbar
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A comparison to [Leo10], where a vapor pressure of 2.4× 10−3mbar is stated, shows a match
within the error of the vacuum gauge. As within scope of this thesis, this has been observed
for introduced gas volumes up to at least 1 standard liter, independent of the chosen inlet
pressure, it can be assumed that the vapor pressure is achieved.
However, when gas from other sources (e.g commercial gas bottles) was measured with these
setups, an excess in pct has been observed up to three orders of magnitude higher than the
vapor pressure, depending on the gas source and the �ow.
An analysis of the gas composition via mass spectrometry showed an increased concentration
of impurities, as shown in �gure 6.1. The main components of the contamination can be
identi�ed as Helium (peak at m

z
= 4) and Argon (peaks at m

z
= 36, 38, 40 and double ionized

at m
z
= 20, m

z
= 19), whereas xenon is still the dominating gas. Both gases are not expected

to freeze-out in the cold trap due to their high vapor pressure, so they can likely cause the
excess in pressure. Another possible e�ect causing an overall pressure increase, is a coverage
of the cold trap walls by these impurities and therefore leading to an incomplete freezing
behavior of the xenon. Since this e�ect or the in�uence of the impurities on the krypton
behavior in general could not be studied within this thesis (see chapter 8.1), only clean gas
from the distillation column has been used for calibration and further investigation of the
system.

6.1.2 The gas �ow

Although, the conductance of both DPS is depending on the gas composition, it is su�cient
to describe the gas �ow through the DPS only in terms of xenon, as long as it is clearly the
dominating component. This does not apply for the gas �ow behavior inside the cold trap.
Freezing inside the cold trap is the dominating process for the xenon bulk, if the pressure
overcomes the vapor pressure limit at liquid nitrogen temperature, which is ful�lled for mea-
surements within this thesis, with inlet pressures of 0.1 bar to 2.0 bar.
Nonetheless, also at pressures below this, sorption, mainly adsorption in the form of
physisorption takes place, which can cause particles to be attached to the walls. This process
of adsorption is energy dependent and the attachment time of an adsorbed particle increases
towards lower temperatures [Wut06], leading to sticking time scales above the measurement
time, which is in the order of minutes, and therefore, this particles will not reach the mass
spectrometer. Despite the fact that it is even advantageous for the xenon component, due
to the removing of xenon particles from the gas �ow, it has disadvantages for the krypton
particle amount because of the possibility of adsorption to the walls or to xenon molecules.
Additionally, a reduction of the krypton amount is possible when freezing xenon traps kryp-
ton atoms within this process. The adsorption probability and the attachment time decrease
with a growing particle coverage of the surface because of the change from particle - surface
to particle - particle interaction, which is less stable due to the lower thermal conductivity.
In spite of that the cryogenic trapping of krypton inside freezing xenon is possible as long
as xenon freezes.
This kind of krypton removal is con�rmed by the fact that krypton is present in the mass
spectrum of the evaporating gas, when the cold trap is heated after a measurement.
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Observation of the �ow behavior

These e�ects have been observed, when comparing the �ow of xenon through the system
with a cold trap and without a cold trap attached.
For measurements without a cold trap, the pressure reading shows instantly the pressure pro-
vided by the in-going �ow (O ∼ 10−1mbar). However, if the cold trap is used, the in-going
xenon �ow does not cause an instant pressure enhancement, but leads to a delayed pressure
raise within a few tens of seconds up to the vapor pressure of 3.3× 10−3mbar. Since this is
only a phenomenological observation for the xenon bulk, it still does not provide information
about the krypton behavior.
Therefore, an evaluation of measurements with di�erent inlet pressures and thus changing
amounts of krypton has been made. By comparing the maximum signal height of the most
abundant isotope 84Kr (see table 6.1) for di�erent inlet pressures but same krypton con-
centrations, the response of the system towards changing �ows has been investigated (see
�gure 6.2). A linear dependence is indicated by these measurements and additionally, for
same inlet pressures1 a clear reproducibility has been found. These two observations allow
for the assumption, that even if krypton is removed from the gas �ow by the cold trap, it is
a reproducible linear process, thus it is possible to apply a �ow correction to account for the
signal dependence on the in-going gas �ow.

Figure 6.2: Maximum signal height of the 84Kr-signal in dependence of inlet pressure. A
linear �t (red) is added to visualize the linear relation between signal and inlet
pressure.

1The pressure reading, provided by a Swagelok PTU-S-AC931AD pressure sensor, has a read-out error
of 50mbar
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Figure 6.3: The standard volume calibration pipette: Four valves (VP1-VP4) (type:
Swagelok SS-8BG-VCR) have been connected via VCR to orbital welded vol-
umes (Vol 1-Vol 4), which form an overall volume V of (69± 1)ml divided into
four chambers. A pressure sensor (mks Baratron Type 121A) has been mounted
to the last chamber for precision measurements of pressure changes during vol-
ume expansion. Additionally, this pipette is used for creating gas mixtures of
known krypton concentrations (see chapter 6.2).

Volume determination

As seen in equation 5.8, the �ow is not only determined by the pressure drop over time
but also by the volume used for injection. Thus, the classi�cation of these two factors
is important to make a correction for the �ow behavior, if comparing signals of di�erent
samples. The pressure drop is directly measured, as already described in section 5.2.4, while
the determination of the respective volume for all measurements has been done separately.
For this reason a standard volume V (see �gure 6.3) has been calibrated and by relative
expansion measurements, using a high precision manometer (type: mks Baratron Type 121A)
with a reading error of 0.5% [MKS08], volumes of interest could be determined. A detailed
description of the volume measurement technique and the calibration of the standard volume
can be found in [Rot14]. The resulting volumes Vmeas for the measurements, with their
respective uncertainties, obtained by Gaussian error propagation, at both setups are:

VRGA-I

meas
= (83.0± 2.6)ml

VRGA-II

meas
= (96.0± 2.7)ml

These volumes �lled with around 1 bar of xenon, are the usual consumption of gas during a
measurement.

6.2 Experimental calibration method

The calibration of the RGA setup requires the reproducible measurement of xenon gas with
known krypton concentrations, covering a wide range of contamination, from the sensitivity
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limit of the setup (∼ ppt) up to concentrations at the ppm-level. Therefore, a calibration
technique has been used, introduced as a so called doping method in [Ket12], which was
improved within the work of this thesis. This method is based on an arti�cial enhancement
of the krypton concentration in the xenon gas, by a controlled dilution and mixing procedure
described in the next section.
Acting as a mixing device, the pipette shown in �gure 6.3 has been attached to the RGA-II
setup (see �gure 6.4), which had a direct connection to the distillation column, ensuring the
supply with ultra-pure xenon gas at concentrations below the ppt-level. This is important
for three reasons:

• For a precise creation of a certain doping level, it is necessary to mix krypton into xenon
gas with intrinsic concentrations of krypton far below the desired doping concentration.

• Before measuring a doped sample, it is crucial to check the system response to puri�ed
xenon gas.

• If any contamination occurs, it is possible to clean the system by �ushing pure xenon
through.

6.2.1 The doping method

Following always the same procedure2, doping a sample for the calibration started with �lling
pure krypton (>99% purity) into the pipette (see a basic scheme of the �rst steps in �gure
6.5) at a pressure of about 200mbar. This pressure value was �xed as the lowest possible
value, in order to reduce the impact of the pressure sensor sensitivity limit of 1mbar to
the consecutive calculated doping level (see 6.3.3). Starting with this, the concentration of
interest has been created by di�erent steps of dilution and mixing:
After pressure equilibrium, the valve above the pressure sensor (VP4) has been closed and
the three other volumes (Vol 1-Vol 3) were pumped down to at least 1× 10−5mbar with a
dedicated pump system, which was not connected to the system for avoiding contamination.
In the next step, pure xenon has been �lled into the evacuated volumes Vol 1-Vol 3 with a
pressure of about ∼ 2300mbar and the valve VP1 has been closed. For starting the �rst
mixing of krypton into xenon the valve VP4 has been opened leading to a total pressure
of 1500mbar. Investigations on the equalization time of the krypton concentration showed
(see section 6.2.2) that this process has a larger time scale than the pressure equalization,
which happens instantly at valve opening. Therefore the waiting time was chosen to be at
least 24h for every mixing step in this calibration.

2The numbers used here for explanation are not exact, and just illustrating the order of magnitude used
in the di�erent calibrations
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Figure 6.4: Flow chart of the RGA-II setup with the pipette attached at the measurement
volume. The �rst doped sample is created before attachment of the pipette.

As the krypton partial pressure changed, due to the dilution from Vol 4 into Voltot = Vol 1-
Vol 4, the volume ratio RV =

Vol 4
Voltot

has to be known precisely for further calculations of the

krypton concentration. Therefore the pressure change ( p(Vol 4)
p(Voltot)

) of any expanding gas from
Vol 4 into Vol 1-Vol 4 has been determined each time, and by calculating the mean, a ratio
of

RV =
Vol 4

Voltot
= 0.380± 0.005 (6.1)

can be obtained, with the uncertainty being the standard deviation σRV
over all measure-

ments. By comparison of the measured total pressure ptot to the calculated partial pressure
of krypton pKr the concentration of krypton cKr inside the sample can be calculated with:

cKr =
pKr
ptot

(6.2)

As this �rst mixing leads to a concentration in the order of cKr≈ 5× 10−2, a further dilu-
tion of the mixture was needed in order to achieve the desired concentration cKr of around
5× 10−6. Consequently, the valve VP4 has been closed again and by opening VP1, the vol-
umes Vol 1-Vol 3 have been evacuated again, while the pressure of the gas mixture in Vol 4
stayed at a value of about 1.5 bar. This has been expanted two more times into Vol 1-Vol 3
to get a left-over sample in Vol 4 of ∼ 200mbar, which could be mixed with puri�ed xenon
again. Therefore, the steps done beforehand were repeated for this sample until the concen-
tration of interest was achieved.
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Figure 6.5: Scheme of the �rst doping steps. Vol 1-Vol 3 is indicated by a blue box, while
the mixing volume Vol 4 is represented by a green box. If the contours are closed
the valve VP4 is closed, if the connection is open, it indicates that VP4 is open.
Every mixing dilutes gas from Vol 4 by a factor of 0.38 and gas from Vol 1-Vol 3
by a factor of 0.62 as indicated roughly by the exemplary �gures calculated here.

For the �rst measurement the pipette was attached to the respective RGA setup as shown in
�gure 6.4 for RGA-II. Before any calibration measurement, a krypton-depleted gas sample
has been measured, to ensure a correct response of the system. The pipette has been opened
afterwards and the gas with the ppm-concentration was diluted from Vol 1-Vol 4 into the
measurement volume Vmeas of the RGA system. Before an actual calibration measurement,
the pipette was closed o� at VP1 and VP4 to prohibit a �ow increase by adding this extra
volume. After the measurement, Vol 1-Vol 3 were evacuated again and �lled with a pure
xenon sample taken from the distillation column. Consecutively, closing VP1 and opening
VP4, has lead to a further dilution of the ppm-sample due to the mixing with the puri�ed
xenon. The dilution factor Rc for this mixing is given by:

Rc =
cstart
Kr

cend
Kr

(6.3)
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As cstart
Kr

is known already, the calculation of cend
Kr

leads to a direct determination of Rc:

cend
Kr

=
cstart
Kr
·RV · p(Vol 4)

p(Vol 4) ·RV + p(Vol 1− Vol 3) · (1−RV )
(6.4)

As the volume ratios are �xed by the pipette design (see equation 6.1), the further dilution
depends only on the pressure ratio of the puri�ed xenon gas in Vol 1 - Vol 3 to the mixed
xenon gas in Vol 4. For the calibration measurements a dilution factor of around 7.5 was
used.
The sample with the new concentration has been measured after ful�lling the waiting time
of 24h. Applying this method, a complete calibration set from 105 ppb down to 10−2 ppb
has been created. Theoretically, since the provided mixing gas was puri�ed down to the
ppq-level, a calibration down to this value could also be achieved, but the sensitivity of the
setups is the limiting factor at this point(see 6.3.4.)

6.2.2 Di�usion of krypton in xenon

Figure 6.6: Setup for the determination of the di�usion time scale. A radioactive 83Rb is
used to produce the short-lived radioactive isotope 83Kr, which is released after
accumulation into a volume monitored by a detector system. The signal rate is
directly proportional to the concentration of the krypton particles, as detected
signals are produced by the decay of 83Kr.

During the calibration process non-linear results have been observed if the measurements,
and thus the mixing of xenon, were executed on a time scale of ∼ 2h. Therefore, to validate
a relation between the mixing time and the results, two di�erent methods, described in this
section, have been applied.
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Firstly, a cross check measurement has been performed using the calibration pipette (see �g-
ure 6.3), where Vol 1 -Vol 3 have been �lled with puri�ed xenon and Vol 4 was already �lled
doped xenon gas. As the valve in between has been opened, the pressure directly equalized.
As soon as this happened, the valve VP3 has been closed to separate the two volumes again.
While volumes Vol 1 and Vol 2 of the pipette were measured without any further contact to
the other volumes, the volumes Vol 3 and Vol 4 of the pipette have been left connected for
one additional day.
A measurement of these two di�erent volumes (Vol 1 + Vol 2 vs Vol 3 + Vol 4) showed a
di�erence by four orders of magnitude in the signal level. A possible explanation for this is
a large time scale for the equilibrium di�usion process of krypton into the xenon, contrary
to the process of pressure equalization.
For an understanding of this time scale, a second dedicated measurement has been performed
using the di�usion of the radioactive 83Kr into a xenon volume without a forced �ow and de-
tect its decay over time. Figure 6.6 shows the setup for the di�usion time scale measurement.
A radioactive 83Rb-source (details see [Han11]), with an activity level of about 60MBq, has
been attached to a small volume (Volume 1), which was evacuated before the measurement.
Afterwards it has been �lled with ∼ 2 bar of puri�ed xenon gas and then isolated from the
rest of the setup by closing of valve (V1). As 83Rb decays into 83mKr, the volume has been
�lled constantly with this isotope, which has a half-life of 1.83h until a secular equilibrium
was reached. Therefore, a waiting time of one day was maintained before V1 was opened.
This allowed the krypton particles to di�use into the xenon gas in the volume between V1
and V2. It is important to point out that the xenon pressure here was equal to the pressure
in Volume 1. A detector, mainly consisting of an optimized photomultiplier tube (PMT), is
mounted at the end of this volume in a T-piece made of stainless steel. This detector is able
to register the VUV-scintillation light of xenon, which is produced due to the interaction
with the decaying isotope 83mKr (details on the detection method can be found in [Ros14c]).
Hence, the concentration of 83mKr atoms in the detector volume is directly proportional to
the signal rate at the detector. This signal rate is shown as a function of time in �gure 6.7.
For an extraction of the equilibrium time, the time constant τ of the system has to be
known. Thus, an approximation by �tting an analytical integration of the charging func-
tion3 (1−e−t/τ ) with a Gaussian4 has been performed. This �t function, which is theoretically
well-motivated, has been selected because of the similarity of this process to the charging of
a capacitance, but as the krypton particles have a �nite speed, a delay with an additional
Gaussian smearing has to be included, accounting for this. The fact that the signal is delayed
in the beginning points towards this �nite particle velocity, as it takes at least about 1 h be-
fore any signal rate is observed. As the �tting parameters, provided by MINUIT, showed
that the standard deviation (width) σ of the Gaussian is smaller by a factor of 4, compared
to the time constant of the charging function τ ≈ 12 000 s, only the charging function has
been taken into account for the equilibrium time scale estimation.

3This function is motivated by the solution of a di�erential equation derived from Fick's �rst law.
4The theoretical basement for the assumption lies in Einstein's di�usion law [?].



6.2 Experimental calibration method 65

Figure 6.7: Signal rate over time for the 83mKr. The valve was opened at t= 0 s. As described
in the text a �t function is approximated. The reduced χ2

red is 21.5, calculated
by the MINUIT package. Although this di�ers from the optimum value 1, the
approximation looks su�cient for an estimation of the equilibrium time. It has
to be noted that the data was binned over 60 seconds.

Therefore a calculation of the time tdi�, where the charging function has reached 99% of its
signal height by

0.99 = 1− e−tdi�/τ (6.5)

provides a value of

t ≈ 55 000 s = 15.3 h

for τ ≈ 12 000 s. This time value can be approximated as the time scale needed for equi-
librium, as the signal is already at 99% of its total height. For the di�usion process, this
means that the amount of particles leaving the volume of interest (in front of the detector)
and particles entering the volume of interest are almost in equilibrium.
Although this is only an estimation, as the geometry of this test setup di�ers from the actual
pipette, the measurement itself veri�es the assumption of a di�usion on the scale of hours,
instead of an instant process. This makes a waiting time between the separate mixings nec-
essary and also shows that 24h waiting time was su�cient as it was maintained within all
calibration measurements.
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Table 6.1: Isotopes of Krypton and their relative abundance [Lid07]

Isotope Abundance in %
78Kr 0.35
80Kr 2.25
82Kr 11.6
83Kr 11.5
84Kr 57.0
86Kr 17.3

6.3 Analysis results of calibration

This section will introduce the analysis method used for analyzing the prepared dopings
by reference to one high doping example and one low doping example. Afterwards the
calibration of both RGA setups will be presented. In addition to this, the sensitivity limit
of each setup will be discussed.

6.3.1 Measuring a highly doped sample

Calibration measurements have been started by �lling the measurement volume Vmeas de-
termined in section 6.1.2 for the respective RGA-setup.
After opening the inlet valve V 4 (see �gure 6.4) the gas has surpassed the di�erential pump-
ing section DPS1 into the cold trap. From the cold trap it has proceeded through the DPS2
into the measurement chamber, where the butter�y valve has been closed to 0◦ for a max-
imum in sensitivity during all calibration measurements. The detection was done by the
residual gas analyzer, which was used in the combined Faraday cup (FC) and electron multi-
plier (EM) mode. An operating voltage of 1500V has been set at the EM and an integration
time of 64ms has been chosen for each of the 5 data points between two di�erent masses.
This has lead to an average measurement time of 4.31 s for the chosen mass-over-charge m

z
-

range from 76 to 88. Accounting for the sensitivity and eventual slight peak shifts from the
center of mass, a current shown within this thesis, has always been averaged over 3 data
points for each mass. For example, a signal shown for the mass-over-charge ratio at 84.0 is
an averaged integration of the data points at 83.8 , 84.0 and 84.2 (see [Ket12] for analysis of
the integration range).
The signal for each isotope (current in dependence of mass-over-charge ratio) as a function
of time is shown in �gure 6.8 for an example measurement at the RGA-II setup, with a total
doping level of 1380ppb. After introduction of the gas sample, a signal increase by several
orders of magnitude can be observed, which is delayed by 5 to 10 seconds, depending on the
respective krypton isotope. The shoulder-like signal behavior between 30 and 50 seconds
after valve opening, was clearly visible in every doping measurement above 1 ppb, but is not
understood. Most likely it is a characteristic e�ect of the RGA-II system, as the RGA-I
setup has not shown such a behavior during any measurement made in the scope of this
thesis. As this is an e�ect at the gas introduction, before the system reaches equilibrium, it
is interesting for understanding the system. Nonetheless, it is not necessary for calibration,
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Figure 6.8: Current (signal) time evolution for the krypton isotopes (see table 6.1). It has to
be noted that the ordinate has a logarithmic scale. The moment, where the gas
�ow into the system starts, is indicated by a black line at t= 280 s. As the data
is only recorded around every four seconds for a speci�c mass value, the shown
lines are only a linear interpolation of discrete data points. This data has been
recorded with the Faraday cup and the electron multiplier activated, working at
1500V.

since only data which can be corrected by the in�ow is used, in order to guarantee compa-
rability of di�erent measurements.
For this correction, the in�ow has been calculated as described in section 5.2.4 and a region
of interest has been selected, where the �ow correction can be applied (see �gure 6.8). This
selection has been performed by choosing the part of the signal, where it follows the expected
behavior analogous to the �ow, which means a gradual decrease in signal height. This is
justi�ed, as the increase beforehand is not theoretically motivated by the in�ow, while the
decrease can be explained by the decreasing in�ow.
A signal in the region of interest I(t) can be corrected into Icorr(t) by the in�ow q(t) as
following:

Icorr(t) = I(t) · qnormal
q(t)

(6.6)

For normalization a constant normal �ow qnormal with a value of 0.317 mbar·l
s

has been used,
which is an average �ow value of a typical xenon gas measurement. Figure 6.9 shows the
�ow correction applied to the signal in the region of interest and it can be seen, that a part
of the corrected signal is nearly constant, which is caused by a direct relation to the in�ow
without any (non)-linear e�ects, as described in chapter 6.1.2. Only this almost constant
part of the corrected signal, which starts at about 380 s after data taking, is used in order to
determine a signal mean I of each isotope. Hence, the signal for every isotope is averaged
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Figure 6.9: Corrected current versus time. A zoom into the signals within the region of
interest with the �ow correction applied is shown. Additionally a green line
marks the beginning, where the �ow correction leads to a constant corrected
signal, indicating that krypton in�ow is in equilibrium and therefore correlated
to the �ow.

over this sector and the corresponding uncertainty is given by the standard deviation σI .
An analysis done in this way is neglecting background e�ects of the mass spectrometer, which
is justi�ed by the observation that all isotope signal levels (except 78Kr) are at least three
orders of magnitude above the background level. This can be seen in �gure 6.8 at the time
before gas introduction (0 s - 280 s). However, since it is not veri�ed that the background
level does not change with a general pressure increase, an independent cross check can be
performed by comparison of the theoretical isotopic fraction with the measured krypton
isotope signal ratios. Therefore, the recorded data of the most abundant isotope 84Kr has
been �xed to its theoretical relative abundance 0.57 by introducing a conversion factor α
based on its signal mean:

α =
0.57

I(84Kr)
(6.7)

This way the signal ratio R8X of each isotope 8XKr has been calculated relative to the signal
of 84Kr by:

R8X = α · I(8XKr) (6.8)

In �gure 6.10 the comparison of the calculated values from the measurement with the the-
oretical values (see table 6.1) is shown. As it can be seen, the isotopes match the natural
abundance. The isotope 78Kr is not included because of two reasons: It is the least abun-
dant isotope and additionally, the background level at the mass-over-charge ratio of 78 is
about two orders of magnitude higher than for any other isotope (see �gure 6.8). A high
background at this mass-over-charge ratio has been observed in both setups and by other
measurements [Ket12] beforehand, explained presumably by a hydro-carbonic impurity.
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Figure 6.10: Comparison of the relative abundance for the di�erent krypton isotopes. While
the theoretical relative abundance is indicated by the height of the grey columns,
the measured relative abundance is marked with red markers. The value for the
measured data of 84Kr is �xed to its theoretical value (0.57) and the others are
calculated relatively by the measured signal value according to equation 6.7 and
6.8.

6.3.2 Analysis of a low doped sample

As the concentrations approach the sub-ppb level, the cross check for the isotopic krypton
composition reveals an increasing discrepancy of the theoretical expected values for the rel-
ative abundance and the measured signals (see �gure 6.11). Considering this, an analysis of
low concentrations can not neglect the background, as it is close to the signal at this point.
For the isotopes 82Kr and 83Kr this e�ect is already observed above the ppb-level, because of
the high background at mass 82 and 83 in combination with their lower abundance compared
to 84Kr and 86Kr (see 6.1). Consequently, these two most abundant isotopes, which also have
the lowest background, are used for further analysis. As their background signal does not
show the correct relative signal strength for these two isotopes5 coincidentally, it is su�cient
to compare the measured signals of 84Kr and 86Kr for a clear distinction of a krypton signal
from the background.
Figure 6.12 shows the time evolution of the current at the RGA-I setup for a gas sample
arti�cially doped with a concentration of about 0.37ppb.
The gas inlet valve has been opened 410 s after data taking started, which con�rms a signal
delay of 5 to 10 seconds also in the RGA-I setup. Although, a clear increase in signal rate
compared to the background level before injection has been observed, the relative abundance
does not match the natural values (see �gure 6.11). However, the signals of 84Kr and 86Kr

5The 84Kr is 3.29 times more abundant than 86Kr in the natural composition.
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Figure 6.11: Comparison of the relative abundance for the di�erent krypton isotopes in the
gas sample with an intrinsic concentration of 0.37ppb. The measured relative
fraction of 84Kr towards the other isotopes is not matching the theoretical values
anymore. An o�set in the 84Kr signal can be excluded, as the relative abundance
of the other isotopes is shifted in both directions.

show a pattern, in contrast to the lesser abundant isotopes, which leads to the conclusion
that a signal is present:
First, both signals rise after injection by at least one order of magnitude, while this is not the
case for the clearly background dominated 78Kr or the presumably background dominated
isotopes 82Kr and 83Kr. Second, the expected decrease in signal strength with reduced �ow
is observed at the most abundant isotopes, while it is not for the background dominated
ones (e.g. 80Kr). Additionally, if the �ow correction is applied, as it was in the high-doping
analysis, the corrected signals are not becoming constant, but are increasing with di�erent
slopes depending on the respective isotope. This is explainable through a background signal,
which is �ow-independent, but corrected by the �ow. In order to account for the in�uence
of the constant background at the signal detection, a di�erent analysis approach is applied.
Therefore, a �t function γ(t) is directly approximated to the raw signals I(t) of the isotopes
with a term accounting for the �ow-depending signal and one term for the consideration of
the constant background signal I0. This �t function can be de�ned as:

γ(t) = Is ·
q(t)

qnormal
+ I0 (6.9)

The constant factor Is describes the �ow-corrected signal component, which is approximately
the same as I in the high-doping analysis, if the background is small compared to the signal.
For an approximation to the raw signal, this �ow-corrected signal mean needs to be multiplied
by the �ow to account for the time evolution. The �ow-normal qnormal could be included
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also

Figure 6.12: Signal time evolution for the di�erent krypton isotope masses for a doping of
about 0.37ppb. The valve was opened at t= 410 s, and the butter�y valve was
set to 0◦.

into the Is component, but this way the low-doping analysis and the high-doping analysis
are comparable and this values can directly be used for an overall calibration of the systems.
In �gure 6.13 the resulting approximation, which has been performed by the ROOT pack-
age MINUIT using the MIGRAD �t routine, to the raw current of the isotopes 84Kr and
86Kr is shown. For a comparison of the two methods (high-doping analysis and low-doping
analysis) the example with a calculated concentration of 0.37ppb has been analyzed both
ways, resulting into two di�erent corrected signal means I/Is for each isotope6. Using the
low-doping analysis method, the obtained relative abundance is close to the natural value
(3.50 vs 3.29) while for the high-doping analysis method it di�ers by a factor of ∼ 3 from
the natural ratio.

Table 6.2: Comparison of the corrected isotopic signal mean for the low-doping Is and the
high-doping I analysis.

Is [A] I [A]
(84Kr) (4.42± 1.65)10−12 (4.53± 0.27)10−11

(86Kr) (1.23± 1.01)10−12 (4.84± 0.31)10−12

6For discrimination of the two analysis methods the corrected signal mean is noted as Is for the low-
doping analysis, and I for the high-doping analysis. As the calibration will use both values, depending on
the doping, the notation for the corrected signal mean will be Is.
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Figure 6.13: Uncorrected signal time evolution for di�erent krypton isotopes. Three �t func-
tions for the isotopes 84Kr (green) and 86Kr (black) and the presumably back-
ground dominated 80Kr (red) have been approximated as described in the text.
For a better visibility these data sets are indicated with markers instead of the
interpolated lines. The di�erent behavior of the current at mass-over-charge
ratios 86 and 80, directs towards the existence of a signal at m

z
= 86, since this

measured current is decreasing over time, while the current of m
z
= 80 is not.

6.3.3 Calibration

One calibration set, including seven di�erent dopings from the ppm-level down to the the
sub-ppb level, has been prepared for each RGA setup in the described way (see section 6.2.1).
For 84Kr and 86Kr a correction of the signal by the in�ow has been applied by one of the
two di�erent analysis methods previously presented. The method was chosen depending on
the arti�cial doped concentration and the investigation of the isotopic fractions. Although,
the low-doping analysis method should also be applicable to high-doping samples, the ap-
proximation for samples above 100ppb was not possible, as the software package was not
able to �t samples, where the background was several orders of magnitude below the signal.
In the transit-region of high-doping samples and low-doping samples (1 ppb - 100ppb), both
analysis methods generate equal values for the signal mean within the uncertainties. This
was used as a cross check, but generally the low-doping analysis provides physically reason-
able values for any measurement, where the background becomes signi�cant, and thus, the
isotopic fractions do not match anymore, without correcting for the background.
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A calibration is now given by the dependency of the corrected current signal mean for the two
most abundant isotopes Is(

84Kr, 86Kr) and the total krypton concentration cKr. Therefore,
as the RGA has supposedly a linear response to equal concentrations, a �t function of the
form

Is(
84Kr, 86Kr) = k(84Kr, 86Kr) · cKr (6.10)

has been used for calibration. The conversion factors k84Kr and k86Kr can be directly used for
transforming a given �ow-corrected current into the intrinsic concentration and thus, they
have the dimension A

ppb
. As shown in �gures 6.14 and 6.15 these �t functions, �tted again by

MINUIT, match the measured calibration data, and thus a linear response can be con�rmed.
For the uncertainty estimation the uncertainties of both quantities (corrected current and
the arti�cial doping level) have to considered. While the corrected current has an uncer-
tainty given by its standard deviation σIs , which is indicated in the calibration plots by the
vertical error bars (ordinate), the calculation of the uncertainties of the concentrations is
more complex. This is due to the fact that by creating the samples as described in section
6.2.1, two di�erent quantities lead to a propagating error through every dilution and mixing
step. These are the pressure reading pKr in Vol 4, read-out by the pressure sensor, with a
0.5% reading-error ∆pKr, and the volume fraction RV (see equation 6.1), which is used for
calculation of the krypton partial pressure with every dilution. This leads to a correlation of
the uncertainties of the di�erent concentrations. Calculations showed that the error of the
pressure reading is neglectable, as its in�uence is only measurable for an uncertainty at the
�rst mixing, when a read-out of pure krypton is made. However, this still has an in�uence
of less then 1% and is small compared to the impact of RV .
In order to account for the correlation of all arti�cial dopings, the following method has been
used to determine an uncertainty ∆k for a given calibration set:
While the corrected signals and its errors have been kept constant (error at the ordinate), the
concentrations have been calculated for a variation RV ±∆RV of the parameter RV by its
uncertainty ∆RV (see equation 6.1). This way the �t function 6.10 has been approximated
for all three possible variations to determine the respective reduced χ2 and the conversion
factor k (see exemplary results for the RGA-I calibration function of the isotope 86Kr in
table 6.3).
The uncertainty ∆k is now given by the maximum deviation of the obtained k factor, when
RV is changed:

∆k = k(RV )− k(RV ±∆RV ) (6.11)

In order to ensure a correct uncertainty calculation, a conservative choice is made, taking the
larger discrepancy of k(RV ±∆RV ), which is given by the variation RV +∆RV (0.58× 10−12 )
instead of the variation by RV −∆RV (0.48× 10−12 ) if calculated for the exemplary results
from 6.3. This uncertainty has to be calculated for both isotopes separately. Also the
application of both conversion factors k(84Kr) and k(86Kr) can be used, to check if the
obtained concentration for a given sample match within the uncertainties, which is only
ful�lled for signal ratios close to the natural isotopic fractions.
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Table 6.3: Examplary determination of the conversion factor k and the uncertainty ∆k for
86Kr measured at the RGA-I setup.

RV RV + ∆RV RV −∆RV

k [ A
ppb

] 3.30× 10−12 2.82× 10−12 3.88× 10−12

χ2
red

2.06 1.46 2.94

RGA-I

For the calibration of the RGA-I setup dopings of 3260ppb, 495ppb, 81ppb, 30ppb, 2.4 ppb,
0.37ppb and 0.06ppb have been used. After applying the analysis steps previously described,
the resulting calibration function can be seen in �gure 6.14. By using the �t function,
described in equation 6.10 and the uncertainty determination method from equation 6.11,
a transformation relation with the conversion factor k can be determined in dependence of
the chosen isotope:

kRGA-I(
84Kr) = (1.112± 0.195)× 10−11 A

ppb

kRGA-I(
86Kr) = (3.300± 0.584)× 10−12 A

ppb

Figure 6.14: Calibration function of the RGA-I setup. The relation of krypton concentration
in xenon to the measured corrected signal strength for the isotopes 84Kr and
86Kr is shown from the sub-pbb to the ppm-level. The respective data is �tted
with a �t function as described. While the uncertainty of the corrected current
is obtained by the standard deviation of each signal, the uncertainty of the
concentration is not included. For a better visualization both axis are on a
logarithmic scale.
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RGA-II

Dopings of 9550ppb, 1380ppb, 216ppb, 34ppb, 5.8 ppb, 0.95ppb and 0.16ppb have been
used for the RGA-II setup calibration. The resulting calibration data is shown in �gure 6.15.
An according determination of the respective kRGA1 gives:

kRGA-II(
84Kr) = (1.488± 0.258)× 10−10 A

ppb

kRGA-II(
86Kr) = (4.756± 0.883)× 10−11 A

ppb

Figure 6.15: Calibration function of the RGA-II setup. The relation of the krypton concen-
tration in xenon to the measured corrected signal strength for the isotopes 84Kr
and 86Kr is shown from the sub-pbb to the ppm-level. The respective data is
�tted with a �t function as described. While the uncertainty of the corrected
current is obtained by the standard deviation of each signal, the uncertainty of
the concentration is taken into account separately as discussed. For a better
visualization both axis are on a logarithmic scale.
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6.3.4 Sensitivity limit

A comparison of the two di�erent setups and the respective conversion factors k reveals a
di�erence in the order of one magnitude. The in�uence of this discrepancy on the sensitivity
limits and the determination of this limits is discussed in the following section.
The calibration function 6.10 implies that as the concentration approaches zero, also the sig-
nal becomes zero. Although this is true for a real signal component, caused by krypton, the
background level is constant and independent from the krypton concentration and therefore
setting the limit of the respective RGA setup. Determination of this limit is from crucial
importance for the understanding of the system and its future applications.
As described, the estimation of the sensitivity is correlated to an understanding of the back-
ground level inside the system. This can be obtained by an evaluation of measurements close
to sensitivity limit and below. For this purpose the dopings with very low concentrations
(sub-ppb) and additionally, measurements with ultra pure xenon (ppt-concentrations and
below), provided by the distillation column, have been analyzed. These samples provide
the advantage of a background dominated current. Figure 6.16 shows the measurement of
seven presumably clean xenon samples, which have been taken from the distillation column
and have been measured by the RGA-II setup. It is visible, that these �uctuate around
a value less then zero, which indicates that these measurements are below the sensitiv-
ity limit but with almost constant error bars. While for the isotope 84Kr this o�set of
(−14.91± 3.14)× 10−11A has been observed, it was not measurable for the isotope 86Kr,
where the �t provided a mean of (−0.08± 2.48)× 10−12A with a reduced χ2

red
=0.3. Note

that only three measurements have been done for 86Kr. As a result of this, it can be con-
cluded that the uncertainties for 84Kr are estimated correctly, while the uncertainties for
86Kr seem to large. However, due to the low statistics and as large uncertainties lead to an
underestimation of the sensitivity limit, this still can be used.
An estimation on the limit is now derived from the average of the uncertainties ∆Is of these
measurements. This is reasonable, since a signal smaller then the uncertainty of the back-
ground can not be distinguished from the background �uctuations anymore without deep
statistical analysis (see 8.3.2). Therefore the uncertainties of the low doping measurements
and the puri�ed xenon measurements, at the respective RGA setup, have been averaged for
each isotope separately. Additionally, the signal height has been transformed into a minimal
detectable concentration by using equation 6.10 for the speci�c isotope and RGA setup (see
table 6.4). For the RGA-I the 1σ-sensitivity limit SRGA-I(

8484,8686) has been calculated to:

SRGA-I(
84Kr) = (206± 35) ppt

SRGA-I(
86Kr) = (318± 58) ppt

Accordingly the 1σ-sensitivity limit SRGA-II(
8484,8686) of the RGA-II setup has been deter-

mined to:

SRGA-II(
84Kr) = (67± 12) ppt

SRGA-II(
86Kr) = (191± 35) ppt

The uncertainty has been calculated by Gaussian error propagation of the equation 6.10,
using the standard deviation σ for the averaged background �uctuations and the ∆k obtained
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Figure 6.16: Corrected current of 84Kr for di�erent puri�ed xenon gas measurements. A
linear �t (red) has been added with χ2

red
=1.20. As seen this �t does not match

the zero line, which would be expected, instead of this, it is shifted towards
negative values with an o�set of (−14.91± 3.14)× 10−12A.

in equation 6.11. The concentration sensitivity can also be seen graphically as the intersection
of the sensitivity limit line and the calibration �t (see �gure 6.17 for an example of the zoomed
sector around the zero signal line for the RGA-I setup). Additionally it can be observed that
the doping at 0.06ppb, which is below the sensitivity limit of both isotopes for the RGA-I
(see table 6.4), has a negative current. This is expected, since when a current is measured
with a concentration below the sensitivity limit, it should �uctuate around the zero line with
an uncertainty close to the sensitivity limit.

Discussion on the sensitivity

An aspect which has to be considered when estimating sensitivity limits, is the question for
the in�ow at the calibration of the systems. Although, all obtained signals are �ow-corrected,
the sensitivity still depends on the �ow itself.
Given a sample with a concentration ckr, this will lead to a signal I at the detector, which is
dependent on the amount of particles in the detector. This amount changes with in�ow, thus
a doubled in�ow leads to twice the signal intensity. As the calibration function corrects for
this, it has no in�uence on the conversion factor k. However, if the signal is doubled, it can

Table 6.4: Estimation of the sensitivity limit SRGA based on the average uncertainties ∆Is
at low concentrations.

∆Is(
84Kr) [A] ∆Is(

86Kr) [A] SRGA (84Kr) [ppt] SRGA(
86Kr) [ppt]

RGA-I 2.90× 10−12 1.05× 10−12 206 318
RGA-II 1.00× 10−11 9.09× 10−13 67 191
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Figure 6.17: Zoom into the RGA-I calibration plot. The sensitivity limits, obtained from the
averaged uncertainties, are indicated by blue (84Kr) and green (86Kr) lines. The
x-axis value of the intersection of these lines with the respective calibration �ts
in black (84Kr) and red (86Kr) marks the sensitivity limit of the RGA-I.

overcome the background level, which is not dependent on the in�ow, and thus be registered,
where it would not be registered for a lower �ow. Therefore, it has to be mentioned, that
as the inlet pressure of the RGA-II setup has been reduced (around 500mbar) compared
to the RGA-I calibration (around 800mbar), the in�ows are comparable for the presented
calibrations, as the RGA-II has a higher �ow at same pressures (see 5.2.4 for a comparison
of the �ows through both systems).



Chapter 7

Determination of unknown krypton

concentrations

As the previous chapter showed, both setups are able to detect krypton on the sub-ppb level.
This allows for screening measurements of xenon gas bottles for the XENON1T experiment
provided by commercial suppliers. In the best case, these gas bottles have been tested by the
companies itself down to 10ppb, which can be controlled and quanti�ed more precisely with
the cold trap enhanced RGA method. Therefore gas bottles from three di�erent companies
have been tested and the results will be presented within this chapter. Additionally, �rst
results will show the capability of the measurement method as a diagnostic tool for the
cryogenic distillation column.

7.1 Cross check of the calibration of RGA-I and RGA-II

Before any further investigations have been made, the calibration of both setups has been
tested with an arti�cially doped xenon gas sample of only roughly known krypton concentra-
tion ccross (∼ ppm). For a comparable measurement, the pipette was attached to the RGA-I
setup and �lled with this gas sample, while at the same time the measurement volume of
the RGA-I setup was �lled at equal pressure. The pipette was attached to the RGA-II setup
and the gas was diluted into its measurement volume. Both RGA setups were �lled with
the same gas sample this way and thus, a cross check of both setups is possible. A deter-
mination of the concentration ccross was performed using the previously described respective
conversion functions. As a result of this, the concentration has been calculated two times
for every setup (see table 7.1) in dependence of the two isotopes, and as these values are
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Table 7.1: Determination of the concentration ccross
ccross(

84Kr) [ppb] ccross(
86Kr) [ppb]

RGA-I 6479± 1148 6607± 1186
RGA-II 6378± 1143 5944± 1142

matching within the uncertainties, an average concentration ccross can be calculated for each
RGA setup:

ccross(RGA-I) = (6543± 808) ppb

ccross(RGA-II) = (6186± 825) ppb

The matching concentrations is a relative cross check of the calibrations, showing that the
same results are obtained, independent of the used RGA setup.

7.2 Gas bottle sample measurements

For test measurements of gas bottles with the RGA-I setup, pipettes have been �lled at LNGS
from gas bottles of two di�erent companies (Praxair and Iceblick), which are designated for
the �lling of the XENON1T detector. Additionally, a xenon gas bottle from AirLiquide,
which was used for gas operations at the distillation column at the Univserity of Münster,
was measured several times with the RGA-II setup. The measurements can be compared
with concentration levels, stated as upper limits climit by the companies itself. In addition to
this, measurement results from investigations made with the GC-RGMS setup (see chapter
4.3.2) can be compared to the results of the RGA setup measurements. Although, no results
on the exact same bottles are provided, bottles from the same set of �lling by a company
have been measured, which have pressumably comparable concentrations (by at least one
order of magnitude) [XEN14]. If more then one measurement on such a set was available,
the comparison was done towards an average concentration extracted from this set.
The results (see table 7.2) show that the uncertainties of the Iceblick and Praxair are very
large (∼ 37.5% and ∼ 47.5%), which is due to the low statistics provided as the region of
interest has been measured for only 30 s, while usually at least 100 s are used for averaging.
Although the AirLiquide gas bottle could be measured three times, the di�culty was the
low intrinsic concentration. This caused the signal of the isotope 86Kr to drop below the
detection limit of the mass spectrometer shortly after gas injection. Thus, its current was
read-out as zero, which prohibits a proper �tting as needed for the low-doping analysis.
However, to account for this, two di�erent approaches for analysis of this sample have been
applied. First, the usual low-doping analysis was performed, as described in chapter 6.3.2,
but only on a short time scale (∼ 20 s), where the signal of 86Kr was present. This has
the disadvantage of very low statistics and therefore a large uncertainty but provides the
advantage of the isotopic fraction cross check, which clari�es if a signal is present or not.
The second approach uses the low-doping analysis only on the isotope 84Kr, but on a large
time scale (∼ 400s). This provides high statistics, but no possibility of cross-checking the
isotopic fraction. Despite that fact, this can also produce feasible results, because of the
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Table 7.2: Results of the gas bottle sample measurements in comparison to GC-RGMS results
and limits stated by the supplier

Company cmeasured [ppb] climit [ppb] cGC-RGMS [ppb]

Iceblick 6.6± 2.1 <300 6.0± 2.7
Praxair 45± 21 <100 -

AirLiquide 0.20± 0.02 <10 0.40± 0.01

other clear signal-like signs compared to the background-dominated masses (see �gure 7.1).
Due to the fact that this gas sample was measured three times, a mean concentration c can be
calculated for both approaches. Therefore, the obtained concentrations have been averaged
and the respective uncertainties ∆c have been calculated by Gaussian error propagation.
For the �rst analysis approach, the concentrations c1 of both isotopes are evaluated as:

c1(
84Kr) = (186± 54)ppt

c1(
86Kr) = (196± 60)ppt

As the concentrations match within the uncertainty, it can be stated that the isotopic frac-
tions match. Moreover, it can be seen that the determined concentration is within the sen-
sitivity limit of 86Kr (191± 35)ppt at the RGA-II, which can explain the signal vanishing
for this isotope. This is con�rmed by the results given by the second approach:

c2(
84Kr)= (199± 21)ppt

While the result is matching the previously calculated values, the relative uncertainty is
decreased by a factor 3 from about 30% to 10%.
Summarizing the results, it can be seen that all upper limits stated by the companies are
con�rmed. Furthermore, the Iceblick sample matches the comparable GC-RGMS measure-
ments, while the AirLiquide is not matching within the uncertainties. It has to be noted
that the Iceblick bottle sets have been measured �ve times by the GC-RGMS, while there
is only one result for the AirLiquide bottle. However, as the order of magnitude is con-
�rmed, it is possible that the other bottle from this set had a slightly di�erent composition.
Another possibility is a non-uniform krypton concentration within a gas bottle, as this was
observed several times for arti�cially doped gas bottles. A sample of the exact same bottle
has been prepared for measurements with the GC-RGMS at the MPIK Heidelberg and the
ATTA-setup at the Columbia University, but were not �nished in the scope of this thesis.

7.3 Determining a separation factor for the distillation

column

A possible application of the setup is the characterization of the cryogenic distillation column
during operation. Therefore, the distillation column has di�erent gas outlets for analysis
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Figure 7.1: Current time evolution for the �rst measurement of the AirLiquide gas sample.
The 84Kr signal-like m/z=84 (pink), is clearly having a di�erent behavior than
the background dominated m/z=78 (black). Additionally, it can be seen that the
signal at the mass-over-charge ratio of 86Kr (lightblue), is rising in the beginning
but falls fast below the detection limit of the mass spectrometer.

purposes. The most important characteristic of the distillation column, is the separation
factor Sf . This key parameter quanti�es the di�erence in krypton concentration between
inlet and outlet of the column [Ros14a]. The most stringent way to obtain this parameter, is
a measurement of the concentration at the inlet and of the outlet during the same distillation
process. Hence, gas samples have been drawn live at operation from the in-going gas and
the out-going gas and have been measured with the RGA-I setup1. The concentration
determination of the in�ow provides a clear krypton signal revealing a concentration cin of
(5963± 885) ppb within this gas. However, the concentration determination of the outgoing
gas, which is supposedly puri�ed, was not possible, as the current of all isotopes is background
dominated in �gure 7.2. Application of the low-analysis doping method to this sample
provides the following parameter from its �t for the signal mean Is of the respective isotope:

Is(
84Kr) = (8.5± 9.1) · 10−13A (7.1)

Is(
86Kr) = (−2.8± 4.7) · 10−13A (7.2)

1The more sensitive RGA-II setup could not be used due to the gas routing.
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Figure 7.2: Current time evolution for a puri�ed sample from the outlet of the distillation
column. The two signals of interest at 84Kr (pink) and 86Kr(light blue) have been
�tted with the function from equation 6.10. The �tting parameter point towards
no signal detection, as also indicated by the raising signal behavior.

As this is clearly within the uncertainty of the background and therefore, also below the
sensitivity limit, a direct determination of the separation factor is not possible. Nevertheless,
the obtained results allow for an estimation of a lower limit. If the krypton concentration
cin is compared to the sensitivity limit of the detector SRGA-I (

84Kr) a separation factor limit
is given by:

Sf =
cin

SRGA-I (84Kr)
(7.3)

With the sensitivity limit SRGA-I (
84Kr) of about 0.2 ppb, this leads to a lower limit for Sf

of:

Sf >30000





Chapter 8

Discussion & Outlook

Although it has been demonstrated that a reliable, fast concentration determination is pos-
sible, some further investigations can be done, as well as improvements to the system for
an increase of the sub-ppb sensitivity limit. This chapter will provide a discussion on di�er-
ent aspects of the thesis, but also emphasizing possible future aspects of improvement and
evaluation.

8.1 The in�uence of the gas composition

During careful investigation of the system the question arised, whether if there is an in�uence
of other impurities to the system response on krypton. As chapter 6.1.1 showed, an increase in
vapor pressure is directly related to the level of impurities, but it has still to be investigated,
if the krypton signal is a�ected by the impurity level. Moreover, the reproducibility of the
system for changing the total pressure in the measurement chamber, which is directly related
to the cold trap pressure, has not been demonstrated yet. Measurements for an evaluation
on this, can be performed, using the installed butter�y valve, which allows for a control of
the pressure inside the measurement chamber. Although, theoretically it is expected that
the signal intensity is directly correlated to the e�ective pumping speed reduction by the
butter�y valve, a research on the in�uence of the opening position has still to be performed.
Therefore, a �rst test measurement of the signal at two di�erent butter�y valve positions
has been made (see 8.1). This measurement was started with a 15◦ opening at the RGA-I
and within the measurement, the butter�y valve was closed to 0◦. As expected the signal
shows a uniform increase within the di�erent isotopes, with a factor of about 7.5.
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Figure 8.1: Signal time evolution for di�erent butter�y settings, with indicated changes of
the butter�y valve position. Before the closure of the butter�y valve it was set
to 15◦.

This is a small discrepancy compared to the factor 5.2 of pumping speed reduction obtained
from table 5.1. Hence, a statistical reliable measurement set is needed for the determination
of a correction factor for the butter�y valve position. Once this is done, an analysis of the
signal dependency on the gas composition can be performed. The measurement of other
impurities, besides krypton, shows a possible use of the RGA setups as a detector for other
contamination, as long as its partial pressure is below its vapor pressure (see [Leo10]). This
can be applied as a tool to characterize the working performance of the distillation column,
if the krypton concentration determination comes to its limit. This can be achieved by
measuring for example the argon concentration at di�erent outlets, and by this, make a
qualitative statement about working stability, as this is directly correlated to the speci�c
separation e�ciency.

8.2 Quantifying unknown concentrations

The main task of the presented measurement method lies in the quanti�cation of unknown
krypton concentrations in given gas samples. As the uncertainty ∆k of the conversion fac-
tor k, obtained through calibration, is always around 18%, a single measurement of the
concentration will always have at least this uncertainty. Therefore, if possible an increased
precision can be achieved by measuring a given gas sample more then once. For a future
reduction of the uncertainty ∆k, a calibration with increased statistics will be needed or a
di�erent approach for uncertainty calculation has to be developed. However, for screening
purposes, where only the order of magnitude of the contamination is required, one measure-
ment is su�cient to determine a concentration value fast, reliable and without consuming
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noteworthy amounts of xenon.

8.3 The sensitivity limit

Besides the aspect of mobility, the RGA-II setup was also designed for an improved sen-
sitivity. This has been achieved, as the RGA-II setup is a factor of 3 more sensitive
(SRGA-II=67ppt) to the signal of 84Kr as the RGA-I setup (SRGA-I=SI206ppt. Nonethe-
less, the achieved sensitivity can still be improved, especially, as the experimental apparatus
was designed with the reasonable premise of non-freezing xenon. As this was disproved
within this thesis (see 6.1.1), the focus for improvements can be redirected to sensitivity
enhancement. There are basically three possible ways to optimize the sensitivity, which are
all based on an improvement of the signal-to-noise ratio:

• Improvement of the xenon freezing.

• Reduction of the background signal.

• Increase of the introduced krypton amount.

8.3.1 Improvement of the xenon freezing

While it was shown, that the xenon freezes down to its vapor pressure and as consequence
a krypton concentration enhancement was possible, it only was performed at liquid nitro-
gen temperature 77K. If the temperature is decreased, the krypton concentration will be
increased further as long as the vapor pressure of the krypton is not achieved. This due to
the fact that more and more xenon particles freeze, but as long as krypton is una�ected,
the amount of krypton particles will stay constant. For example, at about 59K the va-
por pressure of xenon is approximately at 10−6mbar, while krypton is still at 10−2mbar
[Wut06], which is above the vapor pressure for a ppt-level of krypton in 1 bar xenon. This
way a further increase by three orders of magnitude for the krypton concentration could be
achieved. A strong disadvantage is the technical di�culty (pumping on the LN2) or the costs
(use of liquid helium or a new setup design). Therefore, the other two ways of a sensitivity
enhancement should be in the focus of further work.

8.3.2 Reduction of the background signal

Neglecting an exchange of the used mass spectrometer, the possibility to reduce the back-
ground by any technical approach is limited. For the RGA-II setup intensive baking has
been executed, as well as �ushing with clean gas, but any further background reduction is
small compared to the time scale needed for it. Therefore, not a decrease of the background
signal, but an intensive understanding of the background should in the spotlight.
For measurements close to the sensitivity limit, some of the krypton mass signals consist
only of background. By understanding the time behavior of these signals, a discrimination
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Figure 8.2: Complete �ow chart for the mobile online detection setup, referred as RGA-II
setup. The DPS3, at the bypass of the cold trap, is not implemented yet, but is
planned to be used for analysis of other impurities.

of the background fraction from the real signal component can be established. Therefore,
investigative measurements with an analysis of the background have to be done. Especially
taking the observation into account, that some signals rise, even if no krypton is present (see
6.3.4), which points towards background e�ects still not completely understood.
In addition to this, measurements with high statistics provide the possibility to distinguish
a real signal from a noise-like background behavior. Hence, an analysis method of discrimi-
nation has to be developed and measurements with an increased time consumption will be
necessary. This will need also a better understanding of the �ow correction, as the �ow
behavior changes at low pressures, which are achieved at long measurements.

8.3.3 Increase of the krypton amount

The most stringent way to enhance the signal strength in dependency of the in-going krypton
concentration, is to increase the amount of krypton entering the mass spectrometer. As
the advantage of the cold trap supported RGA method is the low consumption amount of
expensive xenon gas (about 0.1 sl per measurement), other possibilities have to be considered,
instead of a change in the used gas amount. A �rst approach without any system changes
is to make use of an advantageous characteristic at the RGA-II setup. As seen in the �ow



8.3 The sensitivity limit 89

Figure 8.3: Signal time evolution for a test run of the accumulation method. Two times
the accumulation valve V8 was closed and opened. A clear overshoot for three
krypton isotopes is observable directly after opening V8. This test run was
performed with a highly doped sample at the RGA-II setup.

chart in �gure 8.2, the measurement chamber is connected via a valve (V8) to the rest of
the system, which is fully open during the standard measurement process. This brings up
the possibility to close this valve during injection of the gas sample into the cold trap, in
order to prevent the gas to enter directly the measurement chamber. While the krypton is
accumulated over time, the xenon should freeze down to its vapor pressure constantly as
long as the surface of the cold trap is su�cient. If V8 is opened, a large amount of krypton
is injected at once, instead of being introduced over a longer period of time, which causes a
more intense signal at valve opening. The problem within this approach lies in the fact, that
the DPS2 is surpassed by a fraction of the gas, and thus a higher in�ow to the measurement
chamber is produced. Since this is a problem limited to the time directly after opening
the valve, as only the gas in the volume between V8 and the DPS2 is �owing fast into the
measurement chamber, the residual gas analyzer might be still able to operate as expected.
Hence, measurements obtaining the maximum possible accumulation time are necessary, and
if this method is working, a new calibration will be required. A �rst test measurement, with
the proof of an increasing signal, can be seen in �gure 8.3. The overshoot in signal at the
valve opening has to be measured in further investigations as a function of accumulation
time and intrinsic concentration. A derivation of this method, eliminating the problem of
the surpassed DPS2, is to use another extra valves (V5, V6) implemented in the RGA-II
setup already (see �gure 8.2). If the valves V6 and V5 are closed, while valve V4 is open, the
gas from the measurement volume Vmeas will accumulate in the volume between those three
valves and this way the DPS1 is surpassed. By opening V5 completely for a measurement,
the in�ow into the cold trap is increased for a short period of time until the volume behind
the DPS1 is emptied. Depending on the accumulation time and the freezing capabilities,
the vapor pressure will be achieved and only an increased amount of krypton will reach the
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measurement chamber but still through the DPS2, which grants a safe in�ow in terms of
overpressure at the RGA. Nevertheless, this approach has the disadvantage of using only a
small extra amount of gas, which surpasses the DPS1, thus the signal enhancement could
be not su�cient. Additionally, a �ow correction is not as easy executable as for the already
existing measurement method, since the pressure sensor is mounted before the DPS1.
Both techniques can be tested without a modi�cation of the system, but also techniques
with small changes to the system can possibly provide an improvement in sensitivity limit.
If the DPS1 is exchanged with a di�erential pumping section of a higher conductance (as e.g.
a DPS2-like), it will cause a higher in-�ow. As long as the cold trap is freezing the in-going
xenon down to its vapor pressure, this will lead to reliable measurements comparable with
the calibrated ones within this thesis. The signal height will increase, due to the increased
krypton amount, while the xenon �ow into the measurement chamber stays the same, as
the dominating component will freeze to the same level as before. This provides a �ow-
correctable signal time evolution with an increased signal height, and as the background
should not change with the �ow, an improvement in the sensitivity limit. Theoretically, an
increase of the �ow by a factor of 10 should also enhance the sensitivity limit by this factor,
as long as the cold trap works as expected, which has to be carefully tested.
Another possible modi�cation, with small changes to the system, can increase the sensitivity
by adding an additional di�erential pumping section DPS4 and another valve V9, as shown
in the modi�ed �ow chart in �gure 8.4. In addition to this, the already existing DPS are
obsolete for this version of the setup and have to be removed. The idea behind this changes,
is an operation of the system like a cryo-pump. A �xed amount of gas is introduced into
the system, with all valves to the measurement chamber closed. By attaching the cold trap,
the xenon from the complete system gas will freeze down to its vapor pressure, assuming
the freezing capability of the cold trap is su�cient. When the vapor pressure is reached,
the valve V9 is opened and a reduced �ow will enter the measurement chamber due to the
additional di�erential pumping section DPS4. The in�ow into the DPS4 should be higher
then in the classical approach but as the pressure is same, the increase in in�ow is only
ampli�ed by the larger input volume, which even can be controlled by using di�erent valves.
The advantage of these measurement method is the possibility to wait for an equilibrium
and thus remove the dynamics of the system. A �ow correction will not be necessary, as long
as the size of the gas samples within di�erent measurements stays constant and if the vapor
pressure is achieved. The krypton signal should be at its maximum, as the equilibrium state
of the setup should achieve the highest separation e�ciency.
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Figure 8.4: Modi�ed �ow chart with an additional added di�erential pumping section DPS4
and another valve V9 (marked by the black circle). This system is not used in
dynamic mode, thus the DPS1 and DPS2 are not necessary.
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Conclusion

Motivated by the existence of dark matter, being introduced in the second chapter, the
XENON dark matter experiment is presented in the following section. This international
collaboration searches for a dark matter particle candidate, the WIMP, in the Gran Sasso
National Laboratory, 3100 meter water equivalent deep in the Gran Sasso mountain, using
a dual-phase time projection chamber �lled with liquid xenon. Preparing the next stage
of this experiment, XENON1T, the University of Muenster is participating in this project,
being responsible for the development and building of a cryogenic distillation column, which
is able to purify xenon from krypton down to the sub-ppt level. As described in chapter
4 this is necessary due to the intrinsic impurity 85Kr, which produces one signi�cant back-
ground for the direct dark matter search. Due to the extremely low abundance in natural

krypton (10−11
85Kr
natKr

, the determination of the Kr-85 concentration is very limited, as the
natural krypton is already only abundant in traces within xenon. However, since the ratio of
natural krypton and the radioactive 85Kr is constant, a determination of the natural krypton
amount in xenon gas is su�cient. Nevertheless, the detection of natural krypton in sub-ppb
traces is challenging to no lesser extent, although di�erent experimental approaches have
already proven to be able to measure even below this level as shown in chapter 4. As these
methods have in common that either the xenon consumption or the measurement time are
disadvantageous, an alternative online measurement method, the cold-trap enhanced RGA
measurement method, has been introduced in chapter 5. Additionally, investigations and
the application in a new mobile system (RGA-II), dedicated to the direct use at XENON1T,
have been presented in detail. This included the evaluation of the cold trap behavior at
di�erent gas compositions. Within these measurements a vapor pressure of 3.3× 10−3mbar
for pure xenon at 77K could be determined.
For a careful calibration of this new setup and an already existing system (RGA-I), a special
arti�cial doping method was used, as explained in chapter 6. Within this doping procedure
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an observation of the krypton di�usion time in xenon gas was made, pointing towards an
unexpected di�usion time scale. Therefore, an investigation with the usage of the radioactive
isotope 83Kr was performed, con�rming di�usion time scales of several hours. Taking this
into account, the calibration of the two systems worked properly and con�rmed the expected
linear behavior of signal height and concentration. The developed analysis methods for high
and low concentrations have been explained within chapter 6, as well as the sensitivity limit
on the determination of natural krypton. These sensitivities could be quanti�ed below the
ppb-level for both setups, with a maximum sensitivity for the natural krypton detection at
the RGA-II setup of67ppt.
Application of the measurement method, namely gas-bottle screening and the online charac-
terization of the operating distillation column for the XENON1T experiment, are the topics
of chapter 7. These measurements have shown a successful measurement of di�erent gas bot-
tles, including a sample with a sub-ppb contamination, quanti�ed as (199± 21)ppt by the
RGA-II setup. Concluding, di�erent approaches for improvement and further investigation
have been introduced in chapter 8. Mentioning one, a possible gain in sensitivity by newly
developed approaches of gas accumulation has been presented, being testable even without
modifying the system physically.
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