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Abstract
With today’s understanding of the Universe, a large quantity of non luminous matter is
necessary to describe several cosmological effects. This so called Dark Matter (DM) is hunted,
among others, with the Argon Dark Matter experiment (ArDM). ArDM aims at a direct
detection of the nuclear recoil from a collision of a (hypothetical) DM particle with an argon
nucleus.
ArDM is a liquid argon double phase time projection chamber (TPC) with calorimetric
capabilities. The detector has a fiducial volume of about 800 l of highly purified liquid argon,
combined with a charge readout system in the argon vapor above the liquid surface. Besides
the detection of the ionization charge, ArDM also has a highly sensitive light readout system.
It is capable of reading out single photoelectrons and, therefore, to quantify the emitted argon
scintillation light from the interaction between an entering particle and the argon atoms. This
allows to measure the recoil energy and to discriminate between electron and nuclear recoils,
yielding a clue to the nature of the interacting particle and allowing to suppress background
events.
The topic of this thesis is the design, construction and commissioning of the ArDM detector at CERN. It describes the development of the different sub-detectors and the technical
and physics challenges faced in their construction.
Having a good knowledge of the electric drift field is important for the operation of a TPC.
It has to be uniform and constant, with a known field strength, in order to be able to evaluate
the drift distance from the primary interaction to the readout of the ionization electrons. The
high voltage needed in ArDM to maintain the electric field over a drift distance of more than
one meter is rather big and providing the source for this HV is a major challenge. Instead of
a standard power supply, a Greinacher high voltage generator was developed. First results
of a 210 stages Greinacher circuit, operated in liquid argon, are discussed.
Also essential for the operation of a cryogenic experiment are the facilities to keep the
liquid gas at stable pressure and temperature. Different topics like the insulation vacuum
and cooling of the experiment are described. For safety reasons, the experiment is built as a
zero loss experiment, which means there is no argon nor other gas escaping from the closed
system. For this purpose, two cryocoolers are installed and a constant liquefaction of the
argon vapor has to be maintained.
An efficient operation of the TPC can only be achieved if the contamination of the liquid
argon with electronegative molecules, like oxygen or water, is very well controlled and kept
below one part per billion (1 ppb). For this reason, the detector material has to be cleaned
of the above mentioned molecules. This calls for an initial evacuation of the setup for several
months to reduce the outgassing of these molecules to an acceptable level. A detailed look
on the outgassing properties of different materials is given in this work. Also, the active
recirculation and purification of the liquid, and the argon vapor are discussed.
Because ArDM is aiming for the detection of very rare events, the control of the background is essential. To reduce the unwanted interactions of cosmic muons with the argon
atoms, the experiment has to be installed in a low background environment. This was found
in the underground laboratory of Canfranc, Spain (LSC). After several commissioning runs
on the surface at CERN, the experiment was dismantled and the cryogenic facilities were
moved to this underground laboratory. In this thesis, the installation and first results from
the commissioning of the insulation vacuums and the cryogenic facilities are discussed.
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Zusammenfassung
Nach heutiger Erkenntnis können gewisse kosmologische Beobachtungen nur erklärt werden,
indem neben der bekannten Materie zusätzliche, unbekannte Materie vorhanden ist. Neben
anderen Experimenten ist auch das Argon Dark Matter Experiment (ArDM) an der Suche nach dieser, so genannt Dunklen Materie (DM), beteiligt. ArDM zielt darauf ab, den
Rückstoss eines Argon Nukleus, ausgelöst durch einen elastischen Stoss mit diesem (hypothetischen) Teilchen, zu messen.
ArDM ist eine Spurendriftkammer (Time Projection Chamber, kurz TPC) mit kalorimetrischen Eigenschaften. Das Detektormedium sind 800 l hochreines, flüssiges Argon. Die
durch Ionisation des Argons frei werdenden Elektronen driften, den Feldlinien eines elektrischen Feldes folgend, zur Argonoberfläche und werden im Argongas ausgelesen. Neben dem
Nachweis der Ionisationsladung hat ArDM auch einen empfindlichen Photonendetektor mit
der Möglichkeit einzelne Photonen nach zu weisen. Damit können Rückstösse am Argonkern
und an den Atomelektronen unterschieden werden, was es möglich macht, den Streupartner
des Atoms zu identifizieren und ungewollte Signale (Hintergrund) heraus zu filtern.
Diese Doktorarbeit beschäftigt sich mit dem Design, der Konstruktion und der Inbetriebnahme von ArDM am CERN. Sie beschreibt die Entwicklung und die technischen, wie auch
physikalischen Herausforderungen, bei der Konstruktion und Betreibung des Detektors.
Ein wichtiger Punkt beim Betrieb einer TPC ist die genaue Kenntnis des elektrischen
Feldes. Es muss im gesamten Detektor eine gleichmässige, genau definierte, Feldstärke haben,
damit der Vertex des Rückstosses exakt lokalisiert werden kann.
Damit das elektrische Feld des ArDM Detektors aufrechterhalten werden kann wurde
ein Greinacher Hochspannungsgenerator entwickelt. Erste Resultate für den Betrieb einer
210-Stufen-Greinacherschaltung in flüssigem Argon sind in dieser Arbeit rapportiert.
Damit ein Tieftemperatur-Experiment betrieben werden kann, sind neben dem eigentlichen Detektor auch zusätzliche Betriebsanlagen für die Kryogenik nötig. Unterschiedliche
Themen wie die Vakuumisolation und der Kühlvorgang werden in dieser Arbeit behandelt.
Dazu ist auch die Weiterentwicklung, vom ersten Prototyp zu einem komplett geschlossenen
Argonkreislauf, für den Betrieb in einem Untergrund-Labor beschrieben.
Damit eine Flüssigargon-TPC effizient funktioniert ist es wichtig, dass das Argon nicht
mit elektronegativen Molekülen wie Sauerstoff (O2 ) und Wasser (H2 O) verunreinigt ist. Dazu
sind Filter und eine konstante Umwälzung des Detektor-Mediums nötig. Deshalb muss vor
dem eigentlichen Betrieb der Detektor über längere Zeit evakuiert werden. Mögliche Verunreinigungen im Detektor-Material haben Zeit um aus zu gasen und können abgepumpt
werden.
Die vorliegende Doktorarbeit gibt einen detaillierten Einblick in die Ausgaseigenschaften der unterschiedlichen Detektormaterialien sowie in die Reinigung des flüssigen, wie auch
gasförmigen Argons. Da ArDM sehr seltene Ereignisse nachweisen will, muss die Hintergrundstrahlung (z.B. Myonen) minimiert werden. Dazu wurde das Experiment im UntergrundLabor von Canfranc (LSC) in den spanischen Pyrenäen installiert. Die Installation der Kryogenik und erste Erkenntnisse zu derer Inbetriebnahme in seiner neuen Umgebung sind in
dieser Doktorarbeit erklärt.
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Chapter 1

Introdution
1.1

Dark Matter

Our current understanding of the Universe and how it was created is based on the existence
of a singularity in the energy density, the Big Bang. From it, the current behavior and
appearance of the Universe can be derived. For an early stage of the Universe, the Standard
Model of Particle Physics can explain the creation of particles and their evolution to todays
matter. Even though it is a very successful theory, it still is a model and cannot explain the
existence of all the matter needed to describe certain cosmological observations.
The first results not consistent with the amount of visible matter were found by Zwicky
in 1933 [1] during his observations of galaxy clusters. He observed the red shift of galaxies in
a cluster and found that the average velocity of the galaxies is not consistent with their mass
when estimated by the amount of luminous matter. The total mass to explain the observed
motions must be about 400 times bigger.
Later, in 1978, Rubin found that the rotation velocities of stars in galaxies stays almost
constant as a function of their radius from the galactic center [2]. The laws of Kepler cannot
be applied to the observed mass distribution. There must be a big amount of additional,
not visible mass, not only inside the galaxies but also several galaxy diameters around their
center. Because of its lack of electromagnetic interaction, i.e. it does not absorb nor emit
photons, this unknown matter is called Dark Matter (DM). A review on the topic including
possibilities to detect DM is given in [3].
Figure 1.1 shows the measurements of the rotational velocity of stars as a function of
their distance from the galactic center, for the spiral galaxy NGC 3198. An almost constant
rotational velocity is measured for stars with a distance greater than about 10 kpc. Also, the
plot includes fits for the total matter, the visible matter, the gas and the Dark Matter halo.
√
While the rotational velocity should decreases with v ∝ 1/ r counting only the visible mass,
the DM contribution still increases to keep the velocity constant. This leads to the conclusion
that the distribution of the DM extends over a distance of several galaxy-radii compared to
the visible matter.
Further evidences for the presence of DM are gravitational lensing effects. The light of
distant galaxies is bent around a galaxy cluster. Looking at the distortions of different objects
behind the cluster gives the possibility to create a map of the total mass distribution, causing
the light bending and therefore a measurement of the mass density of the cluster. Comparing
the so found mass density with the visible density of the cluster, found by ground based
telescopes as well as X-ray and infrared satellites, the amount and the location of DM can
1
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Figure 1.1: Measured rotational velocity [4] and a photography of the spiral galaxy NGC 3198
Image credit John Vickery and Jim Matthes/Adam Block/NOAO/AURA/NSF

be estimated.
The most direct evidence of DM was found in the Bullet Cluster (1E 0657-558) [5], the
collision of two galaxy clusters. Observing its visible light and, by gravitational lensing
of background objects, the total mass distribution, indicates that the center of the visible
matter and the total mass are not identical. The visible, baryonic matter, mainly gas, has
been slowed down by collisions with gas molecules of the other galaxy and is gathering in the
center between the two clusters. On the other hand, the distribution of the total mass shows
two maxima that passed through each other. The explanation is that the DM particles of the
two clusters did not interact with each other or only interacted weakly and therefore were
not slowed down
The open question is what Dark Matter is made of. A baryonic origin can be excluded
since the total amount of baryonic matter, created by the Big Bang, is not enough to explain
the phenomena mentioned above. Studying the ratio of light elements like helium, deuterium
and lithium, which were mainly created by nucleosynthesis shortly after the Big Bang, it can
be estimated that the production of baryonic matter eventually stopped, due to the expansion
and consequent cooling down of the Universe. The ratio among them only depends on the
total amount of energy available for their creation [6]. Measuring it gives a good idea of the
total baryonic mass of the Universe.
Also, measurements of the Cosmic Microwave Background (CMB) with satellite experiments show an anisotropy that cannot be understood in a purely baryonic Universe. This
anisotropy is assumed to come from the interaction of baryons and photons before their decoupling. Also N-body simulations, simulating the creation of anisotropies and structures in
the CMB, only show realistic results in the cosmological evolution if the existence of a Dark
Matter is assumed [3].
A Dark Matter candidate is required to be stable or rather having a half life time in
the same order as the age of the Universe. Its annihilation cross section must be in the
range of the weak interaction. For playing a role in galaxy formation, the proposed particle
must have frozen out by expansion in the early stage of the Universe and nowadays it is in
a thermal equilibrium. Its velocity is expected to be non-relativistic and to be on a curved
path around a galactic center. One refers to such a particle as WIMP (weakly interacting
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massive particle).
A possible candidate for such a non-baryonic Dark Matter particle is the neutralino, the
lightest super symmetric particle. It is a stable particle and the only way for it to disappear
is by pair annihilation [7].

1.1.1

Experimental approaches

Indirect measurements
Besides cosmical observations, there is the possibilitie of an indirect as well as a direct measurement of Dark Matter. DM or super symmetric particles might be produced by collider
experiments. Experiments like CMS and ATLAS would not directly detect the particle but
register a missing energy component caused by an invisible particle [3].
Indirectly, DM might be detected by the products created by a pair annihilation of two
DM particles. At low velocities, the most important channels of the annihilation are fermionantifermion pairs, gauge boson pairs as also final states containing Higgs bosons [8]. Gamma
rays, coming from a possible source of DM annihilation, can be detected with satellites as
also, after interactions of the photons with the atmosphere, with ground based telescopes
that detect the Cherenkov radiation of highly energetic particles.
Another possibility for indirect detection is the measurement of the ratio of positrons to
electrons in the Universe. This can be done by satellites and by balloon experiments. An
excess of positrons at high energies has been reported by both, the PAMELA satellite [9] and
the FERMI-LAT collaboration [10]. It could be a direct consequence of the annihilation of
two Dark Matter particles.
Direct measurement
A possibility for a direct discovery is the elastic collision of a DM particle with a nucleus
of known matter. The detection of a (hypothetical) WIMP particle is accomplished by
measuring the nuclear recoil of the target nuclei. Assuming the DM particle to have a mass
of 10 to 1000 GeV/c2 and a velocity in the order of the velocity of the galaxy rotation
(∼ 10−3 c), the nuclear recoil most likely is in the low keV region [11]. There are different
options to detect these small recoil signals. Generally, there are three possibilities and their
combination to detect nuclear recoils: Scintillation light, ionization charge and also phonons
of the lattice structure of the detector material. A fourth detector type are bubble chambers
as COUPP [12] and PICASSO [13].
Scintillation: Examples for pure scintillation detectors are DAMA/LIBRA [14] and
DEAP/CLEAN [15]. While DAMA is using NaI crystals, CLEAN is working with the liquid noble gases argon and neon. In 2008, the DAMA/LIBRA collaboration presented a
result showing the annual modulation of a possible Dark Matter signal energy interval of
2 − 6 keV from the galactic halo with 8.6 σ confidence level. [14]. These results are very
controversial since no other experiment yet was able to reproduce them and almost the entire
phase space (nuclear scattering cross section vs. WIMP mass) has been ruled out by other
collaborations [16].
Ionization: In 2011, the CoGeNT collaboration presented the discovery of an excess in a
low energy region around 1.2 keV that cannot be explained by the background. The detector
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is not a scintillation detector but ionization charge is measured in a Ge semiconductor crystal
at very low temperature.
This excess can be interpreted as a possible WIMP signal. By analyzing the signal rate
as a function of time an annual modulation, corresponding to a WIMP mass of 7 GeV/c2 was
found [17]. The results have been retested independently and compared with the 8.6 σ annual
modulation from DAMA/LIBRA, finding a good agreement in the annual modulation that
peaks in early May, as predicted by theoretical calculations, as well as in the phase space [18].
Phonons: Another possibility is the detection of phonons (heat) coming from a WIMP
recoil on the lattice atoms in a semiconductor. An experiment using this technique is
CRESST-I, with a sapphire crystal as a target [19] and its update CRESST-II with a CaWO4
crystal. Cooled down to a temperature of about 10 mK, most of the energy deposited in the
crystal by a recoil is converted into phonons that can be read out by an attached transition
edge sensor (TAS) which is a thin tungsten film evaporated on the crystal. It is on a stabilized temperature and in the transition between the normal and the super conducting state.
Changes of the temperature in the order of µK change the resistance of the layer and can be
detected.
Scintillation and phonons: In addition to this, as an update of CRESST-I, CRESST-II
includes an independent system, also based on a TAS sensor, capable of reading out the
scintillation light produced by the recoil of the lattice atoms in the crystal. The two different
readout methods bring a big improvement on the background rejection. Besides the necessity
of a coincidence between the two signals, also the pulse shapes are analyzed. The ratio
between scintillation light and phonons varies depending on the kind of recoil that originated
the signal. In a nuclear recoil the phonon signal is suppressed relative to the photon signal.
Using this detector, the CRESST collaboration has published a 4σ signal of 64 hits that are
not consistent with the known backgrounds and might be a hint for a possible WIMP [20].
Phonons and ionization charge: The concept of using two of the three different readout
methods in coincidence is not only used by the CRESST collaboration. The most prominent
examples of a combination of phonons and ionization charge are the semiconductor detectors
CDMS [16] in the United States and EDELWEISS [21] in the Modane laboratory in France.
The CDMS detector consists of 19 Ge and 11 Si crystals held at temperatures below
50 mK. The charge readout is performed by applying an electric field over a 1 cm thick disc
(ø = 76 mm) so charge coming from ionization in the semiconductor drifts towards the anode
where it is collected. Events coming from the edge of the crystal are excluded by defining a
fiducial volume for the readout of the ionization charge. The phonon readout is similar to
the one described above for CRESST.
The EDELWEISS detector is functioning according to the same principle but has a special shaped electrode for a better background rejection. Also the energy range for the two
detectors is slightly different.
Both collaborations claim independently from each other 4 and 5 possible WIMP candidates, respectively. While the candidates presented by CDMS are in the range of 5 − 15 keV
nuclear recoil energy, EDELWEISS found 4 events in the range of 20−25 keV and one with an
energy of 172 keV. The exclusion plots shown by these two collaborations almost completely
exclude the results obtained by DAMA [22].
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Scintillation and ionization charge: The last combination to be discussed is the coincidence signal from ionization charge and scintillation light. The detectors using this combination are liquid noble gas detectors. As an example of detectors using liquid xenon as target,
XENON100 [23] and ZEPLIN [24] can be mentioned as well as WArP [25] and ArDM [26] in
the liquid argon sector.
Noble elements are the target material of choice for these detectors because they are inert
and easily excited and ionized. In particular, argon and xenon are used, since they are rather
heavy with a molar mass of ∼ 40 g/mol and ∼ 131 g/mol, respectively, what gives them good
calorimetric abilities. The intermediate element, krypton, is not used because its radioactive
isotope Kr85 increases the background.
A further advantage of liquid noble gas is its ability for self shielding. The radiation
length of xenon is 2.6 cm [27] while the one of argon is 14 cm, thus simple fiducialization of
the volume can reject most of the background coming from particles entering the detector.
The currently strongest limit for Dark Matter search is coming from the XENON100
collaboration, using a double phase xenon detector with about 100 kg highly purified liquid
xenon as target material [28] .
Another advantage of these detectors is their scalability. The size of the detector can
be increased without having big changes in the detector design (compared to semiconductor
detectors, limited by the possible size of the crystal).
An example of this scalability is the XENON1T detector [29] evolved from the XENON100
design, with a fiducial mass of about 1000 kg of liquid xenon. Also the research activity RE18
at CERN, that culminated in the construction of ArDM, is proof of the feasibility of this
scaling approach, after research on several, smaller detectors. Liquid argon detectors can be
scaled further and the development is not stagnating at 1 ton. The scaling will be continued
with a 10 ton LAr detector for neutrino physics and, as the ultimate goal, a 100 kT LAr
detector, called GLACIER, as neutrino observatory and for proton decay searches [30].

1.2

The liquid argon time projection chamber

The use of a noble liquid first was considered in 1977 to be a good possibility of having a
calorimeter with strong tracking capabilities [31]. Noble liquids are suitable for a Calorimeter/Time Projection Chamber (TPC) because they are dense and have a high ionization
yield. Also, the ionization charge easily can be drifted towards an anode.
The working principle of a liquid noble gas TPC is that a particle deposits (part) of its
energy to the target liquid by exciting and ionizing the target atoms. An electric field now
separates the ionization charge from the remnant argon ion and the charge drifts towards the
anode. At a precisely localized place, which does not have to be the anode itself by default,
the amount of charge is measured. The time difference from the starting trigger, given by
the scintillation light, to the moment of the charge detection, can be multiplied with the
drift velocity what results in the distance of travel of the charge along the electric field lines.
Together with the localization of the charge in the readout plane a precise localization of the
vertex is achieved.
Also the detector acts as a calorimeter. The energy is proportional to the amount of
scintillation light as well as the the amount of the ionization charge.
Figure 1.2 shows an illustration of the working principle of a liquid noble gas TPC:
A passing particle triggers the photon detector by scintillation light of the noble gas. In
the electric field of the chamber, the ionization charge is drifted towards the anode where it
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Figure 1.2: A particle, for example a muon, passing through a liquid noble gas TPC. It excites
and ionizes the noble atoms along its path. The scintillation light is read out by a photon detector
and provides the starting trigger. The electrons, separated from the ions by an electric field, drift
towards the anode where they are read out with a position sensitive detector, yielding the x- and
y-coordinates of a hit. Together with the drift time, a three dimensional image of the path can
be reconstructed.

is read out. In many cases, the readout is subdivided in at least two views: x and y. The
arriving signal, plotted against the drift time, gives a projection in the plane as shown in the
lower right of Figure 1.2. Having at least two projections, the path of the particle can be
reconstructed in three dimensions.
For Dark Matter detectors, low energy thresholds are required for an effective detection,
and the ionization charge first has to be multiplied before being read out, which is very
difficult to be accomplished in the liquid noble gas. For this reason double phase detectors
are built. They do not only have liquid, but the charge readout is placed on top above the
liquid. In gas, there are two main possibilities for reading out the charge. The first is the direct
multiplication of the drift electrons and the second is to accelerate the electrons to create
scintillation light that then is read out with a photon detector (secondary- or proportional
light).
In the case of a direct charge readout, the charge is accelerated in a strong electric field,
what by collisions of the electron with the gas atoms creates an avalanche multiplication. A
well known device built for the charge multiplication in (doped) noble gases, is the Gas Electron Multiplier (GEM) [32]. It is used in gas TPCs. For noble liquid TPCs a novel adaption,
the Large Electron Multiplier (LEM) [33–36] has been developed. The main challenge is the
lack of avalanche quenchers in the vapor, because they would condense in the liquid phase or
freeze out.
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Figure 1.3: Schematic view of the ArDM detector. An entering particle interacts with the argon
atoms by an elastic recoil what creates scintillation light as well as ionization charge. After being
shifted to the visible range of the spectrum, the scintillation light is read out by a PMT array
below a transparent cathode. The charge is drifted upwards in an electric field, extracted in the
argon vapor above the liquid level and read out.

Compared to other applications, the TPCs used in DM-experiments not only need the
scintillation light as a trigger but also as a second, independent signal for measuring the deposited energy and for the particle identification by analyzing the pulse shape of the photon
detector response. This requires a single photon detection system, most commonly a photomultiplier tube (PMT). To receive a maximum amount of photons, the absorption of them
has to be prevented.

1.3

The ArDM experiment

The Argon Dark Matter Experiment (ArDM) is a liquid argon calorimeter/TPC with a vapor
layer on top of the liquid for a double phase charge readout. Figure 1.3 shows a schematic
drawing of the ArDM detector. It is a cylindrical volume with a diameter of 80 cm and a
total height of 1.2 m, situated in a liquid argon dewar of 1 m diameter. This gives a layer
of 10 cm thickness of liquid argon around the target, what reduces the amount of particles
entering from the outside into the fiducial volume.
The detection principle of this device is that the elastic scattering of a WIMP (or another
particle) with the target excites the argon atoms and produces scintillation light that is read
out with 14 low radioactivity 8” PMTs below a transparent cathode. Also, there is ionization
charge produced by the interaction. In an electric field this charge drifts upwards and is
extracted into the vapor phase, where it is multiplied and read out. In the current detector,
described in this thesis, the electron multiplication is not yet included. For the detector as
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it will be used in a first Dark Matter run, the electrons are accelerated in gas what excites
argon atoms. The so called secondary scintillation light is read out by a PMT array above a
transparent anode. Later, in a possible second stage the charge will be multiplied and read
out by a LEM, resulting in a better spacial resolution in the horizontal plane.
There are several technical details necessary for the detection of the small recoil signals:

 Because argon scintillation light emission has a maximum at ∼ 128 nm, the photons

cannot be detected directly, since they are absorbed by the materials around the detector and also in the glass of the PMT windows. For this reason, the wavelength of
the photons first has to be shifted to the range where the PMTs are sensitive. This is
done with tetraphenyl butadiene (TPB), an organic wavelength shifter.

 Because most of the light is not directly emitted in the direction of the PMTs, it has

to be reflected several times until it reaches the photocathode. For this reason, the
cylindrical barrel of the detector is covered with a reflector coated with the wavelength
shifter.

 For drifting the charge to its readout, an electric field is applied, axial to the detector
cylinder. For keeping it uniform throughout the detector, field shaping electrodes on
designated potentials are mounted all around the fiducial volume.

 Drifting the small amount of charge over a distance of about 1 m is not trivial since

electronegative molecules in the liquid argon can capture the drifting electrons. To keep
the argon pure from them, it has to be filtered constantly. The amount of impurities
has to stay below one electronegative molecule per one billion of argon atoms (ppb). A
liquid argon as well as a argon gas purification system are installed.

 Also the argon has to be kept cold with a high temperature stability to keep a constant
multiplication rate of the electrons in gas. Two cryocoolers are mounted for the refrigeration of the liquid argon. A detailed description of the detector and its cryogenic
facilities is given in Chapter 5.

1.4

Structure of the thesis

This thesis describes the construction and operation of the ArDM experiment. In Chapter 2
several aspects of liquid argon are discussed. Its scintillation and ionization properties are
discussed, and the challenges of drifting quasi free electrons over a distance of more than
a meter are investigated. Also the problem of electrons being captured by impurities is
explained in Chapter 2.
Aspects of insulating the detector are of great interest for a cryogenic experiment. The
best insulation between the warm outer surface and the cold liquid argon is a vacuum.
Chapter 3 addresses different points about vacuum technology with special attention to the
problem of outgassing from different materials.
As mentioned in Section 1.3, the control of the impurity level is crucial in order to drift
electrons over a large distance. This, together with different ways of purifying the liquid and
the gaseous argon, is discussed in Chapter 4. Apart of different filters, also different pump
types and possible improvements to the existing ArDM pump, are discussed in that chapter.
The actual ArDM detector is described in Chapter 5. The different parts of the detector
are discussed, including their design and construction. Besides the actual detector, also the

1.4. STRUCTURE OF THE THESIS

9

service facilities are explained, including the dewar and all the cryogenic services, like the
purification and the cooling mechanism. In the last part of this chapter, another detector, the
“40 × 80 cm2 LEM TPC”, is described. It is a smaller detector, based on the same principle,
but not designed as a DM experiment but as a prototype for larger neutrino experiments.
The reason why it is described as part of this thesis is that it was installed in the ArDM
vessel and used with the ArDM cryogenic services. Therefor the run with this TPC was also
a test run for new developments in the ArDM system.
The Greinacher HV multiplier, to create the necessary electric drift field in the detector,
was one of the key aspect of the commissioning runs at CERN. The results of the first
operation of it in liquid argon are elaborated in Chapter 6. Further, important conclusions
for the operation of the purification system with liquid argon are also drawn from these runs.
The second part of Chapter 6 describes the working principle as also the limitations of the
liquid argon recirculation.
The final Chapter 7, describes the next steps after the commissioning runs on the surface
at CERN. The experiment was moved and installed in the underground laboratory of Canfranc, in the Spanish pyrenees. This chapter explains the modifications to the installation,
for operating the detector in its new location, as well as the whole process of installing the
setup in the new premises.
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Chapter 2

Liquid argon as detector medium
Liquid argon, and liquid noble gases in general, have interesting properties for detecting
particles, what makes them a good choice as target material.
Because of its density of 1.4 g/cm3 , liquid argon is a good stopping material with an
average energy loss dE/dx of 2.12 MeV/cm for a minimum ionizing particle (mip). Also,
an interaction of a particle with an argon atom excites it and creates scintillation light, or
the atom is ionized. The mean excitation energy of Wγ = 19.5 eV, and the mean ionization
energy Wion = 23.6 eV, give a very good energy resolution also for detecting low energetic
particles.
The possibility to drift charges within the liquid noble gas along the electric drift field,
without a big diffusion, gives the option to read out tracks with a high spacial resolution. A
summary of the most important argon properties is given in Table 2.1.
An advantage of argon, compared to other noble gases, is that it is a byproduct from
the air liquefaction process and therefore relatively cheap, what makes it interesting also for
large detectors of several kilotons of active volume.
A disadvantage is the existence of the radioactive isotope 39 Ar, created by cosmic rays in
the atmosphere. It is a beta emitter with a value Q = 565 keV and a lifetime of ∼ 269 years. In
commercially bought liquid argon, a decay rate of ∼ 1 Hz/kg is expected. It is one of the major
backgrounds in liquid argon detectors that measure low energetic particle interactions. It can
be reduced by using depleted argon, argon that was not exposed to cosmic rays. Depleted
argon occurs for example in the gas bubble on top of an oil well, but its exploitation is difficult
and the price is comparable with the price of xenon.

2.1

Argon scintillation

Scintillation light of noble gases is created by excitation of an electron of the noble gas atom,
caused by a charged particle and, after several steps, a de-excitation back into the atomic
ground state. The noble gas scintillation process is not a simple excitation and subsequent
∗
de-excitation but the excited atom in state R combines, together with a second atom in the
∗
+
ground state R, to a molecular like state R2 , a so called excimer. A singlet state 1 Σu and
+
a triplet state 3 Σu of the excimer are possible. A thorough description can be found in [38]
and will be recapitulated here in brief.
Two different processes can create an excimer. The first is a direct excitation of an
∗
∗
electron to the first excited state R with a subsequent creation of a molecular state R2 as
11

12

CHAPTER 2. LIQUID ARGON AS DETECTOR MEDIUM
general properties
Atomic number
Molecular weight

18
39.948 g/mol
36
Ar (0.34%)
38
Ar (0.06%)
40
Ar (99.60%)
0.934%
83.8 K
87.3 K
83.8 K and 0.687 bar
835 vol/vol

Most important stable isotopes

Concentration in air
Melting point (1 atm)
Boiling point (1 atm)
Triple point
Ratio LAr/GAr (1 atm)
gaseous properties
Gas density (at boiling point resp. 15 ○ C)
5.85 resp. 1.67 kg/m3
Heat capacity at constant pressure Cp (1 bar and 25 C ○ )
0.02 kJ/mol ⋅ K
Heat capacity at constant volume Cv (1 bar and 25 C ○ )
0.012 kJ/mol ⋅ K
Thermal conductivity of GAr (1 atm and 273 K)
16.36 mW/m ⋅ K
Thermal conductivity of GAr (boiling point and 1 atm)∗
5.66 mW/m ⋅ K
Ionization energy in gas Wion
26.4 eV
liquid properties
Liquid density (at 87.3 K)
1392.8 kg/m3
Latent heat of vaporization Lv (1 atm)
160.81 kJ/kg
∗
Thermal conductivity of LAr (87.3 K)
127 mW/m ⋅ K
dE/dxmin for mip
2.12 MeV/cm
Ionization energy in liquid Wion
23.6 eV
Excitation energy Wγ
19.5 eV
Maximum of emission spectrum
∼ 128 nm
Radiation length X0
14 cm
Molière radius
9.28 cm
Nuclear interaction length
84 cm
Maximal breakdown strength
1.1 − 1.4 MV/cm
∗

Value linear extrapolated from [37]

Table 2.1: Physical and chemical properties of argon.

shown in Equation (2.1) and Figure 2.1.
R + R → R2 ⇒ R + R + γ
∗

∗

with

R2 = 1 Σu or 3 Σu
∗

+

+

(2.1)

+

The second possibility is that an atom R is ionized to R and an electron e− . Within
+
picoseconds the ion captures another atom and combines to a molecular ion R2 .
R + R → R2
+

+

(2.2)

In the meantime the electron loses its kinetic energy through elastic scattering or other
processes. A so thermalized electron e−th recombines with the molecular ion to a highly
∗∗
excited atom R by releasing one of the two atoms.
R2 + e−th → R
+

∗∗

+R

(2.3)
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Figure 2.1: Schematic view on the direct scintillation process of noble gases. An atom gets
excited and creates, together with a second atom, a molecular state that decays under emission
of a photon.

That state again captures another atom to become a highly excited molecule that then, by
releasing the additional atom, de-excites to an excited atom. Like in the first case, the excited
+
+
atom then transforms into an excimer molecule 1 Σu or 3 Σu .
R

∗∗

+ R → R2 → R + R → R2 (1 Σu or 3 Σu ) ⇒ R + R + γ
∗∗

∗

∗

+

R

e–

R**

e–

+

(2.4)
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2
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R

R*2

R

R*

or

R
R+

R+
2

R

R

Figure 2.2: Schematic view of the scintillation process after an atom has been ionized. The
noble gas ion becomes, after several steps an excited molecular state that decays under emission
of a photon.

The excimer molecule decays back in two noble gas atoms under emission of a photon.
Since this is not an atomic transition, there is not a clear line of an emission wavelength
but a continuous spectrum with a maximum at ∼ 128 nm for argon [39] and ∼ 178 nm for
xenon [40]. An other point to be remarked is that argon is transparent for its own scintillation
light. This is the case since the excitation of an argon atom to an excimer goes over the first
excitation maximum of the noble gas. The emission from the excimer gives a wavelength a
bit longer and therefore there is not enough energy to re-excite an other argon atom. Because
of that there are almost no limits in the size of the detector.
The photons, on their way to the detector will undergo Rayleigh scattering with a mean
free path of ∼ 90 cm in liquid argon. A localization of the vertex by weighting the direct light
detected by the different photon detectors becomes therefore difficult for large volumes.
The decay time is a combination of two exponential functions related to the different
excimer states (singlet and triplet state). It is different for the liquid phase and the gas
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phase due to quenching effects in liquid. While the singlet state is short living and almost
immediately decays in a few nanoseconds, the triplet state lives longer and, in case of argon,
can be distinguished very well from the singlet state. A compilation for argon and xenon is
give in Table 2.2, derived from [41–43].
gas phase
+
3 +
Σu
Σu
∼ 4.5 ns 3 − 4 µs
∼ 6 ns ∼ 100 ns
1

Argon
Xenon

liquid phase
+
3 +
Σu
Σu
∼ 6.5 ns ∼ 1.6 µs
∼ 4 ns
∼ 22 ns
1

Table 2.2: Decay time for scintillation light from the second excimer continuum in argon and
xenon. The decay time varies for the gaseous and liquid state of the noble gases.

2.2

Ionization

A particle interacting with the liquid argon initially produces in about 33% of the interactions
light and in 67% of the cases it ionizes the argon atom. While the argon ions combine within
picoseconds to a molecular ion R2+ , as shown in Equation (2.2), the fast electron thermalizes
by exciting or ionizing further argon atoms, as also by inelastic collisions producing heat.
The electrons are moving away from the ion and if they are fast enough, they can escape
the Coulomb attraction. The radius (Onsager radius) where the Coulomb energy is equal to
the thermal energy is
RC = e2 / k T

(2.5)

where e is the electron charge and  the dielectric constant [44]. For argon this radius is
RC = 1100 Å.
Depending on the electric field, a certain amount of electrons re-combine with a molecular
ion, others are able to escape. Figure 2.3 shows the ratio of produced charge Q to light L,
depending on the electric field. Already at ∼ 4 kV/cm, 92% of the created electrons can
escape.
An extrapolation to an infinite field gives the total possible charge and, in combination
with the initial energy of the particle, an ionization energy of Wl = 23.6+0.5
−0.3 eV [45], while for
gas the total ionization energy is Wg = 26.4 eV [46]. This is because of energy band structures
in the liquid, similar to a solid.

2.3

Electron recombination

Without an electric field, eventually all charge re-combines and is converted to scintillation
light. This effect is, as shown above, reduced as soon as an electric field is applied. Several
models try to explain this recombination [48, 49]. For low electric fields E the charge can be
described by a modified Birks law [50]
Q(E) = Q0 ⋅

1
1 + k/E

(2.6)
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Figure 2.3: Change of the ratio of ionization charge and scintillation light as a function of the
electric field, when irradiated with electrons of 1 MeV energy. (Plot from [47])

where Q0 = E/Wl is the maximum possible charge and the recombination coefficient k a
constant, depending on the kind of particle. It has to be fitted to the data. For argon it has
been measured to be k ≈ 0.56 kV/cm for ∼ 1 MeV electrons [51].
Depending on the interacting particle the amount of free electrons per deposited energy
is different. For electrons of 1 MeV the charge density is about 2 ⋅ 10−7 nm−3 [44], where for
α-particles it is between ∼ 10−1 and ∼ 10−2 nm−3 [52]. Since the density of positive ions is
much larger for α-particles it is also much more likely for an electron to be recombined. Even
in strong electric fields there is only a low percentage of charge extracted [53].
This gives the possibility to discriminate between different particles by the amount of
charge, compared to the total deposited energy.

2.4

Sensitivity to scintillation light

The sensitivity of a setup for scintillation light normally is given by its light yield (Y ). It
is defined as the number of photons detected per unit of deposited energy. Normally, it is
measured in photoelectrons/keVee , the light yield for an electron recoil. This number depends
on the quantum efficiency (QE) of the used photon sensor, the detector geometry and, besides
other minor effects, on the reflectors used to guide the emitted photons to the sensor.
For liquid argon and small setups (∼ 500 ml) a light yield of about 7 p.e./keVee is reported
[54].
A detector can be calibrated by a known energy coming from a source. A commonly used
line for calibration on low energies is the 122 keV line from 57 Co.
The light yield of a nuclear recoil Ynr is described as the relative scintillation efficiency
Lef f with respect to the light yield of an electron recoil Ye of the same energy deposition.
This ratio allows the comparison of the energy scale of the two different recoil types. Eee
describes the energy of an electron recoil that produces the same amount of light as a nuclear
recoil with energy Enr .
Lef f has been measured, for recoil energies above 20 keVnr , to be [55]
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Lef f =

Ynr Eee
=
= 0.29 ± 0.03
Ye
Enr

(2.7)

Thus, the detection of an electron recoil from a gamma ray of Eee = 10 keV is giving the
same amount of light as a nuclear recoil of a particle with Enr = 34.5 keV. Lef f is normally
measured at zero electric field.
Applying an electric field increases the relative ratio Ynr /Ye . While Ynr is almost not affected by the electric field, Ye is decreasing because of the reduced recombination of ionization
electrons.

2.5

Particle identification

Measuring the number of collected photons can not only be used to estimate the energy deposited by an interaction, and therefore the energy loss of a passing particle inside the fiducial
volume, but it can also be used for particle identification. More precisely, to distinguish an
electron recoil from a nuclear recoil.
There are two different approaches for identifying the kind of interaction: The ratio of the
slow and the fast light component (pulse shape discrimination) and the ratio between primary
scintillation light to the ionization charge. The ionization charge can either be measured
directly with a charge readout or by using the secondary scintillation light produced when
accelerating the charge in the argon vapor above the liquid surface.

2.5.1

Pulse shape discrimination

In argon, compared to xenon, pulse shape discrimination (PSD) works particularly well,
since the two argon excimer states have different decay time scales. The typical decay time
range for the singlet state is nanoseconds, while for the triplet state it is microseconds. (See
Table 2.2) Looking at the shape of the PMT signal gives the possibility to find the ratio
between the two states. A detailed description of the process is given in Section 2.1.
In xenon PSD is only possible with a very good timing resolution, since the decay time
of the triplet state is in the order of 100 ns.
The pulse shape of the scintillation light in liquid argon depends on the ionization density.
As reported in [56], PSD is a powerful way to determine the type of interaction. By taking
the ratio between the amount of light coming almost immediately and the total amount of
light of the event, a clear discrimination between electron and nuclear recoil can be made.
While for an electron recoil about 2/3 of the light is coming from the long lived triplet state,
it is suppressed for nuclear recoils and most photons are coming in the first few nanoseconds,
from the singlet state.
The rejection power of the electron recoil contamination in the nuclear recoil band is
an exponentially increasing function of the number of detected primary photons. For 6
p.e./keVee and a recoil energy 30 keVr it exceeds 105 [56].
This method works the better the longer the decay time of the triplet state is. It is
reduced by a pollution of the argon by oxygen as also nitrogen, quenching the triplet state
and is given by
1
1
(X) = + k[X]
(2.8)
′
τ
τ

2.5. PARTICLE IDENTIFICATION

17

Figure 2.4: Left plot: different pulse shapes for electrons and alpha particles [57].
Right plot: plotting the prompt fraction of the light as a function of the total light (in this case
converted to the total energy) of the event. A band of electron recoils and a band of nuclear
recoils is visible [56].

where τ ′ is the reduced decay time for an impurity concentration X and k[X] is a constant
specific to the polluting molecule. For oxygen, k has been measured to k[O2 ] = 0.54 ±
0.03 ppm−1 µs−1 and for nitrogen k[N2 ] = 0.11 ± 0.05 ppm−1 µs−1 [58].
The scintillation light from the singlet state is not affected b the pollution.

2.5.2

Secondary scintillation light

Different to single phase detectors, like for example DEAP/CLEAN [59], where the discrimination is done only by PSD, a double phase detector also has the possibility to distinguish
between primary scintillation light and secondary scintillation light (S2). This technique is
the detection principle of choice for xenon dectors since in xenon PSD is very difficult to be
accomplished. For argon both methods are used independently.
Secondary scintillation light is produced in the gas phase of the detector when electrons,
extracted form the liquid, are accelerated. This because the gas is less dense and the mean
free path of the electron is longer, i.e., the extracted electrons can gain enough energy to excite
argon atoms in collisions so that scintillation light appears. The amount of light is directly
proportional to the amount of charge reaching the gas phase. This again is proportional to
the amount of charge initially released by the interaction in liquid argon.
Measurements reported in [60] show, depending on the applied field, an amplification in
gas of almost 100 photons per electron according to
YS2 /p = 81E/p − 47

(2.9)

where p is the gas pressure, [YS2 /p] = photons/(electron cm bar) the reduced secondary scintillation yield and [E/p] = kV/(cm bar). This formula is valid for room temperature. For the
operation at cryogenic temperatures of about 90 K (e.g. argon vapor at 1 bar) the pressure
has to be multiplied by a factor 3.36 due to the higher density.
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For the extraction with the ArDM detector, a light yield YS2 of
1
− 47) ⋅ 3.37 bar ⋅ 0.5 cm = 83 photons/electron
(2.10)
YS2 = (81 ⋅ 4 kV/cm ⋅
3.37 bar
is obtained.
The time between the occurence of the primary scintillation light an the secondary scintillation light is equivalent to the drift time of the electrons from the vertex to the liquid argon
surface. Figure 2.5 shows a screenshot from the oscilloscope of a cosmic muon crossing the
detector. It interacts with the argon atoms on its straight path through the detector. This
means there is a continuous extraction of electrons, what can be seen. Taking the time of
400 µs, during which the signal is recorded (events at a later time are pie up events) and the
total length of the drift cage of 600 mm, this leads to a drift velocity of ∼ 1.5 mm/µs. With
the given electric field of ∼ 480 V/cm the measurement agrees with values from literature as
also the curve in Figure 2.14.

Figure 2.5: Oscilloscope screen shot of the secondary scintillation light of a crossing muon
through a LAr-TPC with 60 cm drift length and two PMTs at a timebase of 100 µs/div. The
yellow and red signal of the two PMTs show a signal for the first 400 mus what can be translated
in a drift velocity of ∼ 1.5 mm/µs. The violet signals are the signals from previous events in the
persistence plot and signals after 400 µs are from pile up events.

Besides getting the z-component of the vertex, the S2 signal can also be used for particle
identification. Depending on the linear energy transfer of an interaction, the amount of electrons varies. Using the ratio S2/S1, corresponding to the primary light, different interaction
types can be distinguished. The WArP collaboration has shown that an electron recoil gives a
ratio S2/S1 ≈ 150 and for an α-particle it is S2/S1 ≈ 2. Experimental observations described
in [25] report that nuclear recoils induced by neutrons have an indirect proportional energy
ratio S2/S1, between the one for electron recoils and α-particles [25].
S2
(E) ≈ a + b/E
(2.11)
S1
where a = 2.1, b = 670 keV and E is the (S1) ion recoil energy in keVr . This formula is
describing the ratio for recoil energies above 30 keV. For smaller energies a small deviation
can be noted and an additional correction has to be applied [25].
Also shown in [25], the two mechanism to determine the recoiling particle are independent
of each other. With an efficiency of 50% for nuclear recoils, the probability of a misinterpreted
electron recoil is less than 3×10−7 for 35 photoelectrons and, extrapolated to 50 photoelectrons
the contamination is less than 1 × 10−8 .
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Wavelength shifter
Theory and properties

Almost no window material for PMTs is transparent for the argon scintillation light maximum
of 128 nm. An exception are MgF-windows [61] whereby that material is not feasible for large
windows (≳ 25 mm). For xenon, on the other hand, quartz windows can be used. They are
transparent at the xenon scintillation maximum of 173 nm.
The problem for argon can be solved by converting the VUV light to a wavelength where
transparent glass exists.
A possibility is to dope the argon with xenon. In this case the argon scintillation is exciting
the xenon atoms and scintillation takes place with a maximum of 173 nm [39]. Unfortunately,
when doing so the decay time of the triplet state massively decreases below 100 ns [62]. Since
one of the advantages of using argon instead of xenon is the particle discrimination by pulse
shape discrimination, this method is not favored.
Instead of dissolving the wavelength shifter in the liquid the other approach is to convert
the photons at the place where they would get absorbed and shift them to wavelengths,
suitable for the sensitivity of the photon detectors.
In the case of ArDM, where there is a large fiducial volume without any structure inside,
the places where photons could get absorbed are the surface of the PMT and the cylindric
wall of the drift cage. The word “wall” is not completely correct since the sides of the detector
are electrodes for shaping the drift field. An extra layer of a reflective material has to be
placed. It has to convert the VUV photons, reflect the visible photons and also it has to be
light tight for background events that happened outside the fiducial volume.
Focusing on the conversion of the VUV photons, there are several wavelength shifters
possible. The two main categories are organic and inorganic materials that can convert the
wavelength.
Inorganic, crystalline materials have the advantage of a higher conversion efficiency than
the one of organic scintillators. The scintillation is taking place when an electron is excited
from the valence to the conducting band of the crystal and is re-emitted. This process by
itself is not very efficient since the emitted photon immediately is exciting another electron.
For getting good scintillation properties the crystal structure must not be perfect. This is
achieved by doping the crystal with a heavy element. For the commonly used NaI-crystal
that element is Thallium.
For our purpose crystals are not suitable since the decay time in the order of microseconds
is too slow. It would destroy the starting time t0 for the drift component of the TPC
completely as also PSD would not be possible. Further, they are only working in their
crystalline form. A very careful coating to keep the crystal structure faultless would be
needed.
For organic scintillators, scintillation is a molecular property. The scintillating parts are so
called benzene-rings. They consist of six carbon atoms connected in a hexagonal structure. In
the ground state the corresponding electrons are in a σ-orbital, an orbital where the electrons
are bonded between the atoms. The six remaining electrons are building a π-orbital. It is an
orbital above and below the central hexagon with a knot in the molecule plane. The electrons
are no longer bound to a single atom but are delocalized. Figure 2.6 shows the arrangement
for benzene.
An approximation for finding the energy levels of these π−molecular orbitals can be obtained by assuming periodic boundaries and the electrons to be on a circle with the diameter
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Figure 2.6: The π−molecular orbitals in benzene. The six p-orbitals shown in a) are combined
to delocalized π−orbitals. Since there are only six free electrons in benzene, only the lowest three
π−orbitals b), c) and d) are filled. (Illustration from Moore et al. [63])

of the benzene ring and a circumference of l = 2π ⋅ r. The wave function can be written as
Ψ (x) = Ψ (x + l) ,

(2.12)

and the solutions of the Schrödinger equation are
1

1 2
Ψ0 = ( )
l
1
2 2
2πqx
Ψq1 = ( ) cos (
)
l
l
1
2πqx
2 2
Ψq2 = ( ) sin (
)
l
l

(2.13)

The energy levels derived from of these solutions are
Eq =

q 2 ⋅ h2
2 ⋅ m0 ⋅ l2

(2.14)

with m0 the mass of the electron and q = 1, 2, 3, ... the quantum number. It gives the number of
knots in the according orbital. Since the electrons can have spin ± 12 and also they can move in
either direction around on the ring, the states, except the lowest, are doubly degenerate [50].
A possible wavelength shifter for the VUV light of the argon scintillation is the Tetraphenylbutadien C28 H22 (TPB). As seen in Figure 2.7, TPB has four benzene rings (when in a benzene
ring one hydrogen atom is replaced by something else, one speaks of a phenyl-ring). Other
possible scintillator materials are discussed in [64].
The emission spectrum of TPB is culminating around 420 nm. A thorough analysis of the
scintillation properties of TPB is given in [65]. The absorption probability is about uniform for
wavelengths from 100 to 300 nm with a slight increase towards small wavelengths. Figure 2.8
by the MicroBooNE collaboration [66] is derived from the values reported in [65] and gives
a good overview. Besides the absorption and re-emission also the scintillation spectrum of
argon is shown.
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Figure 2.7: Tetraphenyl-butadien is an organic wavelength shifter. Its degenerated π-orbitals
can be excited by the VUV scintillation photons of the argon. The emitted light has a spectrum
in the visible region, as shown in Figure 2.8.

Figure 2.8: Argon scintillation spectrum (blue, dashed), TPB absorption spectrum (red, full)
and TPB emission spectrum (red, dashed) [66].

2.7

Electron drift

The basic principle of every time projection chamber is that free charge carriers are produced
in a relatively large volume and then drifted towards an electrode. The time needed between
the initial ionization and the moment the signal is read out from the electrode defines, together
with the drift velocity, the distance between the interaction and the electrode along the lines
of the electric field (what is not a priori the shortest distance). In case of the liquid argon
TPCs discussed in this thesis, the drift velocity in gas argon as also in liquid argon have to
be taken in account. Also an important factor is the longitudinal and transversal diffusion,
discussed in the following sections for argon gas and liquid argon.

2.7.1

Drift velocity and diffusion in argon gas

A general remark in the beginning about measurements in gas is, that for comparing different
results, they are normalized to a reduced electric field E/N with the Townsend Td as the
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Figure 2.9: The mean energy in argon gas
as a function of the external (reduced) electric
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scatterings are according to the elastic differential cross-section. In case B the inelastic
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main unit.

10-1

Figure 2.10: The crosssection between
electrons and argon gas as a function of
the total energy of the electron, calculated with Magboltz [69]. Clearly visible
is the Ramsauer-minimum around 0.2 eV.

[E/N] = Td = 10−17 V cm2

where E is the electric field and N the molecular density.
For simplicity Figures 2.9, 2.11 and 2.12 have, besides the reduced electric field also a
horizontal axis on top, indicating the values for SATP conditions (Standard Ambient Temperature and Pressure: 20 ○ C and 1 bar).
Applying an electric field, the electron is drifted along the field line and the total energy
depends on the electric field strength as shown in Figure 2.9. While for ions the drift velocity is
well understood, for electrons drifting in gas, it is not that simple. The energy gained between
two collisions is, because of their small mass, rather big and the drift velocity strongly depends
on the total scattering cross section between the electrons and the atoms of the medium,
shown in Figure 2.10. It is not uniform but has a minimum around ∼ 0.2 eV caused from
quantum mechanical effects (Ramsauer-minimum [67]). In the energy range, interesting for
the drifting electrons there is mainly elastic scattering.
In a first approximation the drift velocity u is given by the acceleration in the electric
field E and the mean time τc between two collisions
e E τc
(2.15)
2⋅m
where τc , the mean time between collisions, is a function of the electric field E [70].
This is only an approximation since it is assumed that the electron completely stops after
each interaction. An actual measurement of the drift velocity is reported in [71] and shown
in Figure 2.11.
Another important property, besides the absolute drift velocity, is the diffusion. In case
of an electric field, we have to distinguish between the diffusion in drift direction and the
diffusion normal to it. The longitudinal diffusion is given by
u=

σl2 = 2Dl t = 2Dl L/u

(2.16)
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and the transversal diffusion along the electric field by
σt2 = 2Dt t = 2Dt L/u

(2.17)

where L is the drift length, u the drift velocity along the electric field lines and Dl,t the
diffusion coefficients in longitudinal and the transversal direction respectively. As shown in
Figure 2.12, the diffusion coefficients are depending on the electric field. Also it is shown
that for low electric fields the diffusion in the transversal direction is almost one order of
magnitude bigger than the one in longitudinal direction.
An example, where gas diffusion is crucial is the transfer of the electrons from the liquid to
the gas phase. For charge amplification and secondary scintillation light, the electrons have
to be extracted from the liquid argon to the gas phase as described in Sections 1.2 and 2.5.2.
The electrons have to overcome the surface potential of the liquid argon to be released in the
gas.
Because, compared to the electron temperature kT , the potential barrier is large and
spontaneous emission is very small, a strong electric field between two grids (distance between
them is about 10 mm) of at least 2.5 kV/cm and up to 4 kV/cm in the area of the phase
change has to be applied for an efficient extraction [36].
All field lines, coming from the drift region in the liquid argon are squeezed in the higher
electric field between the grids and then broadened again towards the LEM or, in case there
is no LEM installed the anode as seen in Figure 2.13. For more details [36] is recommended.
An electron, produced in the liquid and extracted to the gas, theoretically travels along a
field line and will reach the readout. Having diffusion, it is possible that the electron escapes
from the transfer-region between the grids but suddenly finds itself on a field line going to
the upper grid where it is adsorbed.
Exactly the same principle is also valid for a LEM or a GEM. Electrons produced inside
a hole might, by diffusion, be misguided to the electrode instead of being transferred to the
readout [36].
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Figure 2.13: Electrons drift along the electric field lines. The electric field between the extraction
grids is stronger and the field lines are squeezed.
a) Theoretically an electron follows the field line and passes the grids.
b) Due to diffusion it is possible that an electron leaves its designated path and gets trapped by
the grid.

2.7.2

Drift velocity in liquid argon

Having liquid argon, instead of gas, changes the properties for drifting electrons. They cannot
be looked at as free particles any longer. They drift through a non-polar medium and locally,
the argon atoms are polarized by the charge. The local field is no longer only given by the
distance between the electron and the scattering atom but also by the sum of all other fields
due to the induced dipoles in the neighboring atoms. This interaction changes the scattering
cross section and the Ramsauer-minimum disappears [73].
There are also other parameters besides the electric field, affecting the drift velocity.
A relatively large effect is due to the temperature of the liquid argon. In [74] an average
temperature gradient of vd has been reported to be
∆vd
= (−1.72 ± 0.08) % ⋅ K−1
∆T ⋅ vd

(2.18)

Experimentally, the drift velocity of electrons in liquid argon is measured by their drift
time in a known electric field. One possibility for the measurement is to use crossing muons
through the detector. There is a trigger on the primary scintillation light and the stopping
trigger is either on secondary scintillation light or on the charge extracted and read out by
an anode [33]. Another option is to knock out the electrons from the HV cathode by the use
of a laser [74] or a pulsed xenon lamp [75]. The trigger is the pulse from the cathode when
an electron is knocked out, and, as a stopping signal, again the arrival of the charge on the
anode is used. Figure 2.14 shows the drift velocity as a function of the electric field, compiled
from the literature [74–79]. The data from the different sources are corrected to a common
temperature of 87 K and fitted with a polynomial functioni , as proposed by [75].
Besides a good knowledge of the drift velocity as a function of the electric field, also
the diffusion of the electron cloud in liquid argon has to be understood. It is actually an
important parameter to determine the maximum drift length of a detector.
i

The actual function is u(E) = 1.004 ⋅ E 5 − 5.083 ⋅ E 4 + 10.082 ⋅ E 3 − 10.280 ⋅ E 2 + 6.431 ⋅ E − 0.016 for
[E] = kV/cm and [u] = mm/µs
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The theoretical background for diffusion is similar to the diffusion in gas. It is derived from
Einstein’s theory about the molecular kinetic motion of particles suspended in a fluid [81].
Electrons in the liquid and with an electric field below ∼ 200 V/cm, can be assumed to
be thermal electrons. (Thermal electrons gain approximately the same amount of energy
between two collisions as the amount that they lose in the collision, while for high voltages
they have a net gain of energy.) In absence of an electric field, the ratio between diffusion
coefficient and mobility is
eD
2
= kT = <>
µ
3

(2.19)

where D is the diffusion coefficient and µ = u/E is the electron mobility. <  > is the mean
electron energy in liquid argon. In absence of an electric field, it is meaningless to talk about
transversal or longitudinal diffusion. Experimentally, not the diffusion coefficient but the
ratio eD
µ as a function of the electric field is measured. Figure 2.15 shows the ratio, presented
by [80].
The actual transversal diffusion σt can be derived by multiplication of the coefficient
with the electron mobility µ and dividing it by the drift velocity u as already shown in the
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Equations (2.16) and (2.17). Therefore it is given by
√
σt =

Dz
2⋅
=
u

√

eD µ z
2⋅
⋅ ⋅ =
µ e u

√
2⋅

eD z
⋅
µ eE

(2.20)

Depending on the given conditions the transversal diffusion can be plotted as a function of
the electric field for different drift distances (Figure 2.16), or as a function of the drift distance
for different electric fields (Figure 2.17). For the needed ratio of the diffusion coefficient and
the mobility, the data presented in [80] and shown in Figure 2.15 are fitted with a simple
power law,
eD
= 0.064 ⋅ E 0.77
(2.21)
µ
where E is the electric field in kV/cm.
This might not be true for low electric fields, as shown by the data points in Figure 2.15,
but the proposed function is giving an upper limit of the ratio. The points measured at lower
electric field(empty triangle) might be too low due to space charge effects [80]. The empty
circles are theoretical values derived from Equation (2.19) with <  >-values calculated in [73].
From Figures 2.16 and 2.17 it is clear that even for long drifts of 10 or 20 m the diffusion
is still small and a charge readout as described in [35] with spacial resolution of the readout
of ∼ 3 mm can be used.
Also, it can be seen that electric fields around 1 kV/cm, from the point of view of the
resolution, are sufficient for a wide range of detectors, from the “3l-setup” (20 cm drift [33])
over ArDM (∼ 1 m) up to a possible giant liquid argon detector with a total drift length of
up to 20 m (GLACIER [30]).
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To investigate experimentally the effect of very long drift distances, corresponding to drift
times of about 10 ms, one is considering a shorter drift distance with a reduced drift field in
order to obtain similar drift times and therefore similar diffusions.

2.8
2.8.1

Electron attachement to impurities
Theory of electron attachment

To be able to take advantage of the good drift properties of the liquid argon, it is important
not to lose the electrons on their way to the anode. The amount of charge read out is affected
by the amount of electronegative molecules (for example O2 ) dissolved in the liquid argon.
By capturing free electrons they become negative ions which slowly drift towards the anode.
Due to their larger mass and big scattering cross section with the argon atoms they are much
slower than the electrons. Attached electrons therefore are lost and do not contribute to the
read out signal.
Thus, purity is a fundamental requirement for liquid noble gas TPCs and a possible
contamination of the detector has to be kept at an extraordinary low level. This means the
vessel needs to be sealed absolutely vacuum tight with a leak rate of less than 10−9 mbar l s−1
to prevent O2 molecules from entering.
The majority of the electronegative impurities come from the outgassing of the detector
material itself. The most common impurities are oxygen, nitrogen and water. Special attention has to be given to composite materials like glue, for they might have chlorine or fluorine
compounds. These materials must be prevented from contaminating the liquid argon, since
chlorine and fluorine are the most electronegative molecules and immediately capture the
drifting electrons. In general, the attachment in liquid is a three-body process that involves
the electron and the molecule to which it is attached. When attaching an electron, the
molecular ion is excited and loses its energy to a third body through vibrational states [82].
ks

e− + M + X Ð→ M − + X

(2.22)

where M is the electronegative molecule and X the third body, in our case the argon atom.
ks is the rate constant and it is given as a function of the electric field E by
ks (E) = ∫ v ⋅ σ(v) ⋅ f(v, E) dv,

(2.23)

with v the electron velocity and f() the Maxwell distribution [83]. If the capture cross section
σ() is a function of the energy , the rate constant is given by
ks (E) = ∫ σ() ⋅ f(, E) d

(2.24)

For E = 0 the distribution f() is
f() = √
with

2
f0 (x) x1/2
π kB T

(2.25)


kB T
The effects of an external electric field on the rate constant ks are described in [83] and
shown in Figure 2.18 for different molecules.
f0 (x) = e−x

and

x=
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Figure 2.18: Rate constant for the electron attachment to different molecules. The data points
for SF6 (▲), N2 O (◻) and O2 (●) are from [83], the data points for O2 (○), air (△) and CO2 (∎)
from [84].

Experimentally, the rate constant ks can be obtained by looking at the decay of the
electron current after a controlled release of electrons from the cathode or inside the liquid
argon by ionization.
In case of a small number of released electrons Ne (with respect to the amount of impurities
Ns ) the number of electrons captured per time interval is
dNe
= −ks ⋅ Ns ⋅ Ne
dt

(2.26)

and therefore, for a completely closed system with a constant impurity contamination Ns
([Ns ] = mol/l), the number of electrons Ne as a function of time is
Ne (t) = Ne 0 e−t/τ

(2.27)

where τ is the mean electron lifetime and Ne 0 the initial number of released electrons. The
lifetime is directly related to the amount of impurities.
τ=

1
ks Ns

(2.28)

The rate constant ks for attaching electrons is not only depending on the kind of molecule
but also on the electric field strength. For electric fields up to ∼ 1 kV/cm, ks is approximately
constant for oxygen and Equation (2.28) can be written as [76]
τ [µs] ≈

300
ρO2 [ppb]

(2.29)
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where ρs = Ns /NAr is the amount of impurities of the molecule s with respect to the amount
of argon.
Recent measurements of the electron lifetime in liquid argon have brought attention to
water [85]. Derived from the presented data, a lifetime of
τ [µs] =

17.4 ± 0.5
ρH2 O [ppb]

(2.30)

has been found. This measurement has been presented without any information about the
electric field, used for drifting the electrons.
In general, impurities are given as “oxygen equivalent” impurities. In that case, 1 ppb of
water corresponds to 17.2 ± 0.5 ppb of oxygen.

2.9

Effect of impurities on the scintillation light

Electronegative impurities in the liquid argon do not only affect the lifetime of the free
electrons, what limits the maximum drift distance, but they also quench the scintillation
light, especially its slow component. A reduced lifetime of the slow component is limiting the
power of the pulse shape discrimination and therefore the particle discrimination.
In pure argon the total scintillation light emission rate l(t) is given by the simple exponential equation
AS
t
AT
t
l(t) =
exp (− ) +
exp (− ),
(2.31)
τS
τS
τT
τT
with AS the relative amplitude of the singlet and AT the relative amplitude of the triplet
state. The sum of the two is normalized to AS + AT = 1. In case of impurities, mainly O2 ,
N2 and H2 O, the argon excimer Ar⋆2 is de-excited by collisions with the impurity molecules
and the average lifetime is therefore reduced [58].
τT′ =

τT
1 + k[X2 ]τT

(2.32)

with k[X2 ] the rate constant of the light quenching for different molecules X2 .
The measured values for oxygen and nitrogen are k[O2 ] = 0.54 ± 0.03 µs−1 ppm−1 and
k[N2 ] = 0.11 µs−1 ppm−1 respectively [58].
Comparing the actual measured lifetime and the maximum lifetime of the triplet state
of ∼ 1.6 µs, the purity of the liquid argon can be measured down to a contamination of
∼ 10 − 100 ppb.
In the case of ArDM, a detector that reads out charge and light, the quenching of the light
is not important, since the purity needed for drifting large distances is the limiting factor. It
is much lower than the purity needed to recover all the light produced. For example, drifting
over 1 m with an electric field of 1 kV/cm gives, according to Figure 2.14, a total drift time
of ∼ 500 µs and therefore, according to Equation (2.29) a maximum allowed O2 equivalent
contamination in the order of ∼ 0.6 ppb.
This is too small to affect the lifetime of the scintillation light. The light quenching is
useful for quickly checking the quality of the commercial argon when delivered. It also gives
an immediate alarm in case of a leak in the cryostat, since the lifetime can be analyzed in
every PMT signal instantaneously without time consuming processing of the data.
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Chapter 3

Vacuum technology and outgassing
Since a good purity is one of the most crucial points for operating a liquid argon TPC, there
are two issues to be taken care of: The filtering of the argon and preventing at the presence
of impurities in the vessel from the beginning.
The argon delivered by commercial suppliers has, in general, a purity at the ppm level but
the impurity concentration can vary. In order to be sure to have pure argon in the detector,
it has to be purified with filters before entering the system.
Besides the initial purity of the argon there are also other sources of impurities. They
can be subdivided into two main categories: Leaks in the cryostat, leading to a constant rate
of contamination of the argon with air, and impurities inside the cryostat which, when in
contact with the argon, are dissolved into it, for example hydrogen molecules, attached to
the steel wall.

3.1

Theory of outgassing

When pumping a volume from atmospheric pressure, the gas in the volume is removed whereat
the speed of evacuation is mainly based on the speed of the vacuum pump. Down to a
pressure of ∼ 1 mbar, this is done with a roughing pump and at lower gas pressures, when the
air resistance is low enough, with a turbo molecular pump. The pressure drops exponentially
with the time as a function of the pumping speed S and the to be evacuated volume V :
St

p(t) ≈ p0 e− V

(3.1)

The gas flow while pumping can be assumed to be laminar. This behavior is true down
to about 10−3 mbar, depending on the used pump. At lower pressures there is no longer
any gas flow, but a molecular flow, since single molecules are removed. This is where the
turbo molecular pumps become most efficient. In this pressure range, other effects, usually
summarized as outgassing, become important. They are complex processes and different
mechanisms at different pressure ranges and will be discussed in the following sections:

3.1.1

Desorption

Zero order desorption A first effect, after most of the gas in a volume is removed, is
desorption from the surfaces. When there are multiple layers of material sticking to the
surface, (e.g. there is water laying in the chamber) the desorption rate is constant. The rate
31
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with which molecules are desorbed depends on the latent heat of vaporization Ev and the
temperature T [86]:
−Ev
dn
−
= α e kT
(3.2)
dt
where α is a constant depending on the initial pressure.
First order desorption When coming to a monolayer of molecules sticking to the surface,
the behavior changes. The desorption rate becomes time dependent, according to the molecular density on the surface. To a first approximation it can be assumed that particles are
released from the surface, and do not return to it, with a rate proportional to their surface
concentration C [87]. This process can be written as:
d C(t)
e−Ed /NA kT
C(t)
= −K1 C(t) =
dt
τ0

(3.3)

where the rate constant K1 , strongly depends on the activation energy of desorption Ed (per
mol) and the temperature T . NA is the Avogadro number and τ0 the nominal vibration
period of an adsorbed molecule; typically of the order of 10−13 s.
By integrating Equation (3.3) the surface concentration can be written as:
C(t) = C0 e−K1 t = C0 e−t/τr

(3.4)

where τr is the average time of a molecule sticking to the surface, i.e. the residence time
of a molecule on the surface. It is, using Equation (3.3), given by
τr =

1
= τ0 eEd /NA kT
K1

(3.5)

Second order desorption A lot of gas atoms are bound in a diatomic molecular state
and they can only be desorbed as a molecule. For example, hydrogen bound to the surface
first has to become an H2 molecule before being able to be desorbed.
This process, called second order desorption, is given by a different rate constant K2 and
the concentration can be written as [87]
−K2 C02
d C(t)
=
dt
(1 + C0 K2 t)2

(3.6)

K2 depends on the desorption energy Ed and the temperature. Therefore, it is clear that
second order desorption rate, proportional to 1/t2 is much smaller than the exponential decay
of the first order desorption.
The desorption from real surfaces
In a real vessel, gas is not automatically pumped out when desorbed from the surface.
A particle will bounce on the walls several times and can be re-adsorbed. With each readsorption, it sticks on average for the time τr to the surface before being desorbed again.
This leads to an experimentally measured outgassing rate q of
q∝

1
tα

(3.7)
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where α is a coefficient approximately equal to 1 [88]. This coefficient can be time dependent
and varies with the composition of the outgassing components.
In general the 1/t behavior is given for all molecules but for different kind of molecules
the time constant of outgassing varies. Therefore, the total desorption is the sum of the
desorption of the different molecules.
Since the residence time (Equation (3.5)) is a function of Ed and T , heating up the walls
is increasing the speed of outgassing. For example, for water molecules sticking to a stainless
steel surface, the desorption energy Ed is 23 kcal/mol = 96 ⋅ 103 J/mol and the residence time
is 104 seconds at room temperature of 22 ○ C. Increasing the temperature of the chamber
walls, gives a strong decrease of the residence time and for 350 ○ C it is about 10−5 s. It is
therefore favorable to bake out the components and the inside walls of the vacuum chamber.
But doing so, it has to be taken into account that all the chamber must be heated up and not
only one part of it. As mentioned before a molecule released is most likely adsorbed again
on another surface. Having now, for example, heated up half of the surface to 350 ○ C while
keeping the other half at 22 ○ C gives an average residence time of 21 (104 s + 10−5 s) ≈ 5 ⋅ 103 s
corresponding to an average temperature of 27.4 ○ C.
This shows, that always the coldest surface is dictating the outgassing rate. Thus partial
heating of one and later another part of the vessel is not having a significant impact on the
overall performance of the vacuum.

3.1.2

Diffusion

At a certain pressure most residual gases on the surface of a chamber have been evacuated
and diffusion is the major source of gas molecules. This is the transport of molecules inside
materials. Gas molecules are moving from inside the detector parts and the walls of the
cryostat to the surface where they desorb into the vacuum.
Because diffusion is on a much slower time scale than desorption, the residence time for
releasing the molecules from the surface can be neglected.
The outgassing from diffusion of a solid material for an initial gas concentration C0 is
q = C0 (

∞
D 1/2
−n2 d2
) [1 + 2 ∑ (−1)n exp (
)]
t
Dt
0

(3.8)

where [D] = m2 /s is the diffusion coefficient and 2d the thickness of the material. The gas
concentration C0 is given as residual pressure in Pascal and the diffusion rate q in [q] =
(Pa ⋅ m3 )/(m2 s) [87, 89].
Instead of solving this equation one has a look at its asymptotic solutions. For short times
(t ≃ 0), only the first term is of importance and Equation (3.8) becomes approximately
q ≈ C0 (

D 1/2
)
t

(3.9)

This shows a decrease in the rate proportional to t−1/2 , which is much slower than the
rate given by desorption. For long times, the infinite sum of Equation (3.8) has to be taken
into account and, by a translation of the mathematical zero of the summation from the
center of the volume, at distance d to one of the surfaces, Equation (3.8) reduces to a rapidly
converging sum and becomes
2D C0
π2D t
q=
exp (−
)
(3.10)
d
4 d2
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This change in slope is a result of the depletion of gas particles inside the outgassing
material [87, 89].
The diffusion coefficient D not only depends on the diffusing gas and the material it
diffuses from, but it is also a function of the thermal activation energy of the gas in the solid.
D = D0 e−ED /kT

(3.11)

Therefore, similar as for desorption, heating up the material leads to a much faster outgassing
and is preferred.

3.1.3

Permeation

A surface facing the atmosphere is never completely depleted but also is adsorbing gas molecules of the atmosphere, which then diffuse through the material (walls) and get desorbed
into the vacuum. The total motion can be described as an adsorption followed by diffusion and finally a desorption in the vacuum. Having a combination of the above described
processes shows that the rate is much smaller than from the individual processes. This is
called permeation. Because of the constant supply with new molecules form the atmosphere,
permeation cannot be stopped. The only possibility to further reduce the pressure in a vessel
is to seal the chamber wall on the outside with another, less permeable material or, more
radically, change the chamber to one made of a different material or with thicker walls.
For steel surfaces, hydrogen is the main element permeating through. The hydrogen
molecule cannot permeate as a molecule but it dissociates on the metal surface into two
single atoms that then diffuse through the metal. On the vacuum side of the steel wall the
atoms have to recombine to a molecule to be desorbed. The permeation rate is proportional
to the square root of the pressure difference [87].
Different from metals, in plastics, ceramics and glass the whole molecules can permeate
through. For glass that is mainly the smallest existing molecule, the helium atom. This is
of importance since photomultipliers are glass bulbs. Helium atoms diffusing into the tubes
ionize in the strong electric field and destroy the photocathode.
For this reason, leak testing a chamber, containing PMTs, with a helium leak tester should
be omitted.
Note, that permeation is only observed in ultra high vacuum chambers and was never
observed in ArDM.

3.2

Measuring methods for outgassing

A common way for measuring the outgassing rate of a system is the Rate-Of-Rise method [90].
The idea is simple and very effective. Outgassing at a given rate is the change of particles
in the vacuum chamber per time. It depends on the total area and material from where the
particles can be desorbed. Again, the number of molecules is proportional to the pressure and
therefore measuring the change in pressure as a function of the time is constant (assuming
the temperature also to be constant).
By stopping the pump and only measuring the pressure as a function of the time, a
linear behavior, proportional to the outgassing rate has to be detected. Shortly after closing
the valve between evacuated volume and the pump (gate valve), the pressure can deviate
from the linear rise in time since first an equilibrium in the whole vacuum volume has to be
established, as seen in Figure 3.1.
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Figure 3.1: Using the Rate-Of-Rise method for estimating the outgassing rate of the ArDM
dewar. The measurement was taken with a detector (40×80 cm2 LEM TPC [78,91]) inside. After
closing the gate valve, the pressure rises linearly. The two different slopes can be explained by
the pressure equalization between different parts of the detector. The curve is a close up of the
pressure rise at 56 days of Figure 3.4.

The advantage of this method is that it is fast. A measurement of ∼ 10 minutes gives
enough statistics and afterwards the outgassed molecules are pumped again immediately. On
the other hand it only gives a total outgassing rate but no clue on what is actually outgassing.
For analyzing the exact composition of the residual gas in the vacuum, the best option is
the use of a mass spectrometer. It has the disadvantage of needing a rather high vacuum of
∼ 1 ⋅ 10−4 mbari before being operated.
Another possibility for measuring the outgassing rate is the use of a quartz crystal micro
balance. Particles deposited on it give a change in weight what again is transformed in a
change in frequency of the quartz crystal. For example in [92] a mass change sensitivity of
±5 ⋅ 10−14 g/cm2 s is reported with such a device.

3.3

Sources of impurities

In a vacuum system there are different materials exposed to the vacuum. A first one, of
course, is the stainless steel since vacuum chambers and most of the vacuum equipment.
Steel is suitable because it is easy to weld and also has the mechanical strength to withstand
the enormous forces of 10 tons/m2 with which the atmosphere is pressing against the outer
hull.
Good steels for the use in vacuum chambers are non corrosive, non magnetic stainless
steels with more than 13% of chrome. The most common steel for vacuum systems is the
AISI 300 series (AISI 304, AISI 316, AISI 316L, ...). It has 18% chrome and 8% of nickel. By
adding different add-ons, like Molybdenum, the properties are influenced. For example, for
i

Pfeiffer Vacuum QMG 220 F1
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cryogenic use the types, AISI 304 and AISI 316 are suitable at liquid nitrogen temperature
but only the 316 type can be used for lower temperatures approaching the absolute zero.
On the other hand for high temperatures they are not suitable and AISI 310 steel has to be
taken.
The AISI 300 steels have very good outgassing properties. Naturally the chrome atoms
on the steel surface oxidize to Cr2 O3 when exposed to air (after production). This oxide is a
protective layer with a low outgassing rate.
Important, from the vacuum point of view, is the attachment of impurities as also the
amount and type of molecules dissolved in the steel. The most common molecule attached
is water. It desorbs with the t−1 -law discussed above. Other molecules are carbon oxides,
nitrogen and oxygen.
More molecules also get dissolved in the solid during the production process. They are,
to the biggest part hydrogen, but also oxygen, nitrogen and carbon oxides. It is shown in [93]
that the outgassing hydrogen, when reaching the surface, can produce water by the reduction
of iron and nickel surface oxides. These water molecules then desorb into the vacuum.
Complex geometries, for example double wall cryostats, are difficult to bake. It therefore
is necessary to chemically clean the surfaces and reduce the attached water molecules as much
as possible. Also, afterwards the surfaces should no longer be exposed to the atmosphere, i.e.
they should be in an inert gas atmosphere. In case of ArDM, the dewar is filled with argon.
It is heavier than air and therefore stays in the vessel even if the top flange is removed.
Besides the cryostat and its service lines, that are stainless steel as well, there is the
detector itself. It is not made of steel but contains several different plastics, glasses and
epoxy resin.
Most polymers have a much higher outgassing rate compared to steel as shown in Figure 3.2. While steel has outgassing rates in the order of ∼ 10−8 − 10−10 torr l/sec cm2 plastics
have rates of ∼ 10−6 − 10−8 torr l/sec cm2 after 1 hour of pumping. For the extrapolation to
greater times roughly the 1/t law can be used.
Figure 3.3 shows the large differences in the outgassing rate of stainless steel with different
treatements. It depends on the surface treatment, the cleaning and whether the system was
pumped / degassed before or not. A proposed upper limit of Qmax = (7.78⋅10−9 /t) torr l/s cm2
for [t] = hr is given by [96]. It is also plotted in Figure 3.3 and according to data from other
groups, it is not the absolute “upper limit” but all values for baked out probes are below.
In a first attempt one could now argue that the different values in Figure 3.3 are coming
from different time constants, depending on the pump size. This is not the case because
the outgassing rate, at least in a first approximation, is independent of the pump rate down
to very low values. Even the most powerful pump only can remove the molecules actually
diffused in the volume by the material. The absolutely reached pressure pmin depends on the
pump speed. It is given by
pmin = R/S
(3.12)
with [R] = mbar l/s the outgassing rate and [S] = l/s the pumping speed.
Besides the treatment of the surface and the initial purity from production, the material
temperature is important, as shown in Section 3.1, it is affecting the outgassing rate.
In the case of the presented data no temperature at the point of the measurement is given
and it is assumed that all data were taken with the material at room temperature. For the
baked materials also, it is assumed that they have cooled down to room temperature before
the measurement took place. This is a conservative assumption because warm walls have
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Figure 3.2: Outgassing rate for various
materials. In general, metallic surfaces
(empty points) have a much smaller outgassing rate than plastics (full points).
The data are derived from [87, 94, 95].
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Figure 3.3: Outgassing rate of steel
for different treatments. Clearly there
are large differences, depending on the
surface treatment. Also, different temperatures for baking out give different slopes. While the upper points of
the bake out data are for temperatures
around 500 ○ C, the best outgassing (below 10−12 torr l/s cm2 after a few hours)
are only reached if the steel was baked
at about 1000 ○ C. The data are derived
from [87, 94, 95]. The line is the proposed
upper limit for the outgassing of metal
from [96].

a stronger outgassing and the outgassing rate, recalculated for room temperature would be
lower due to the lower temperature.
In our setups, for the use with liquid argon, baking almost is impossible or only possible
on very limited places. But the exponential temperature effect has to be taken into account
the other way. The maximum outgassing is at room temperature and as soon as the detector
vessel and the detector are cooled down for the liquid argon operation, the outgassing is
exponentially reduced, and it becomes very difficult to remove impurities.
The assumption that in cold all impurities are sticking to the walls is probably not valid
since once the detector is filled with liquid argon the oxygen molecules can be dissolved in
the liquid. It therefore is mandatory to constantly recirculate and filter the liquid argon.

3.3.1

The 40 × 80 cm2 LEM TPC as an example

To give a practical example, the test of the 40×80 cm2 LEM TPC in autumn 2011 is considered
[78,91]. The detector is described in Section 5.4 and is mainly made from glass epoxy boards
(G10). This material has a lot of epoxy resin and therefore solvents in it and a strong
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Material

Surface
Outgassing rate
[m2 ]
@ t = 24 hr [torr l/s cm2 ]
Steel
10.74
2.00 ⋅ 10−10
G10
5.60
1.22 ⋅ 10−7
Copper
1.25
3.01 ⋅ 10−11
Nylon
0.013
2.50 ⋅ 10−7
Polyethylene
0.53
6.00 ⋅ 10−8
Kapton
0.30
7.50 ⋅ 10−8
Polyolefine
1.6
5.25 ⋅ 10−8
Teflon
0.02
8.49 ⋅ 10−9
Total outgassing after 1 day

Total outgassing
@ t = 24 hr [mbar l/s]
2.86 ⋅ 10−5
9.11 ⋅ 10−3
5.03 ⋅ 10−7
4.20 ⋅ 10−5
4.25 ⋅ 10−4
3.00 ⋅ 10−4
1.12 ⋅ 10−3
2.72 ⋅ 10−6
1.1 ⋅ 10−2

Reference
[96]
[97]
[98]
[94, 99]
[95]
[94]
[100]
[94]

Table 3.1: Material and calculated outgassing rate of the 40 × 80 cm2 LEM TPC, tested in the
ArDM cryostate. All rates are given for t = 24 hr from the beginning of the evacuation.

outgassing must be expected. Besides the actual detector, there are also cables, electronic
components and the support system for hanging the setup inside the ArDM cryostat. All these
components are outgassing and possible sources of impurities. Table 3.1 gives an overview of
the material budget and the corresponding surface areas. The table also gives an expected
outgassing rate per square meter after 24 hours of pumping, derived from several sources.
These rates are average values to get a feeling, what is contributing how much to the
outgassing. If there were several values given for the same material, an average has been
taken, normalized to 24 hours by assuming an outgassing rate of R(t) ∝ 1/t.
To see if this estimation is in the right range, outgassing measurements were taken several
times during the pumping of the volume. The overall pumping time was around 65 days
starting on August 10, 2011. Figure 3.4 shows the pressure inside the cryostat as a function
of the days since pumping started. The curve is not as smooth as, for example the one in
Figure 7.7, but has several spikes, above as also below the actual pressure curve.
Values below 10−6 mbar are indicating the times when the vacuum gauge was switched
off and the spikes above the smooth curve have different origins. There are, for example at
∼ 6 days and at ∼ 20 days, measurements of the outgassing with the Rate-Of-Rise method.
Other spikes, when reaching more than 1 mbar, are from moments when the detector was
filled with argon gas for calibrating the PMTs or to do tests with the charge readout. Also,
the cryostat was filled with argon gas when a flange or other components on the top flange
had to be replaced.
At ∼ 48 days the detector was completely opened again for a few hours, because of a
problem with an electrical contact. It can be seen that it took a while to reach the previous
vacuum again because of newly installed PCB parts. In the few hours while the detector
was exposed to air some water molecules attached to the detector but the main reason for
the slow reaching of the previous vacuum value is presumably the water (and other residual
gases) in the new glass epoxy parts.
The reason for showing Figure 3.4 in the context of outgassing rates is, that every time
the detector is filled with gas, there is a short period of a few minutes when the gate valve
to the pump is closed but still there is no gas filled in the detector. During these periods the
detector is outgassing and, analyzing the outgassing with the Rate-Of-Rise method, the rate
as a function of the time can be measured. The values obtained are presented in Figure 3.5.
Also the calculated value of 1.1 × 10−2 mbar l/s, from Table 3.1, is drawn (full line), assuming
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Figure 3.4: The pressure as a function of the evacuation time for the 40 × 80 cm2 LEM TPC.
The pumping started on August 10, 2011 and lasted for 62 days, before starting to fill the detector
with argon. The peaks in the curve are coming from tests with pure argon gas and also from
venting the vessel. (See text for details)
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Figure 3.5: The outgassing of the 40×80 cm2 LEM TPC as a function of the pumping time. The
full line indicates the calculated value from Table 3.1 and the two dashed lines the fit functions
for the measured data.

a simple 1/t law. The dashed lines are a fit, strictly proportional to 1/t as also to a general
power law, giving R = 0.27/t1.42 with [t] = hr and [R] = mbar l/s.
The theoretical outgassing rate and the measured outgassing rate are different by about
one order of magnitude. The most probable explanation is an underestimation of the out-
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gassing of the electronic components for reading out the charge as also for generating the
high voltage.
The difference in the fitting curves, the strict 1/t law (dashed line) and the general power
law (dotted line) are not understood. Clearly, the opening and venting of the dewar introduced an uncertainty, but it seems that the actual outgassing is faster than 1/t. A possible
explanation is that, when filling the chamber with argon to atmospheric pressure, water, that
is frozen at low pressures, re-liquifies and gets dissolved in the gas.
This effect can be seen in Figure 3.4 at about 14 days. After a short period of venting
the chamber with argon gas, the pressure drops faster, when the pumps are turned on again,
compared to the rate before the venting.

3.4

Gas recirculation

The best way to reduce the amount of impurities is to pump the cryostat for a reasonably
long time, if possible for several months, before filling with argon. But even after a long
evacuation phase there is outgassing. After stopping of the pump the impurities can diffuse
into the volume without being pumped away. The argon has to be purified constantly.
To make an example, taking the lowest value for outgassing of 3.4 × 10−4 mbar l/s from
Figure 3.5 and the total volume of 1700 l of the system, with a total pressure at the moment
when the gate valve is being closed of ∼ 2 × 10−7 mbar. 15 minutes later, it is only ∼ 1.8 ×
10−4 mbar, which corresponds to 180 ppb of impurities when assuming the volume filled with
1 bar of argon gas at room temperature.
One possibility to slow down the outgassing process is to cool down the vessel while still
pumping it. The time t(T ) for the outgassing of stainless steel at temperature T can be
found by fitting the values given in [89], with an exponential function:
t(T ) = α ⋅ e−0.0164⋅T

(3.13)

The 15 minutes at 300 K therefore become ∼ 400 min at 100 K. Further, the cold gas is 3
times more dense than the argon at room temperature. Therefore, filling with pure argon
and cooling it to ∼ 100 K, reduces the ratio of impurities by a factor 3 compared to warm
argon gas. When filling with pure liquid argon, it is reduced even by a factor of ∼ 800 with
respect to argon gas at 20 ○ C.
This example shows that an initial cool down, with vacuum inside the chamber has a
positive effect on the concentration of impurities diffused into the volume as also the ratio is
improved. The disadvantage is, that all molecules that did not desorb are still on the surfaces
and eventually some are dissolved in the liquid. A constant recirculation and purification of
the liquid is needed.
Another approach is, to actually fill the chamber with pure argon gas, while it is still
warm. The outgassing in the gas is large but, contrary to cryogenic liquids, purification of
the warm gas is not difficult and commercial cartridges can be used.
Having a given gas flow S ([S] = l/s) and an outgassing rate R ([R] = mbar l/s) the total
amount of impurities N (t) as a function of time can be estimated by the following idea:
The change of impurities is given by
dN (t) dNin (t) dNout (t)
=
−
dt
dt
dt

(3.14)
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Where the total outgassing rate can be assumed to be constant and the total molecules
outgassing into the vessel is given by
R
⋅t
(3.15)
k⋅T
with N0 being the number of molecules still inside the volume after pumping. They are given
by the general gas equation
p ⋅ Vtot
N0 =
(3.16)
k⋅T
with p the pressure before closing the gate valve. The differential outgassing rate into the
vessel is given by
dNin
R
=
(3.17)
dt
k⋅T
The change of impurities filtered out depends on the pump speed and the total impurity
concentration inside the vessel. It is given by
Nin = N0 +

S
Nout
=
⋅ N (t)
dt
Vtot

(3.18)

where the efficiency of the filter has been assumed to be 100%, i.e. all impurities passing
through it are filtered out.
Combining the two parts leads to the following differential equation:
N
R
S
=
−
⋅ N (t)
dt k ⋅ T Vtot
= A − B ⋅ N (t)

(3.19)

and solved to
A
+ C ⋅ e−B⋅t
(3.20)
B
R ⋅ Vtot
− St
+ Ce Vtot
=
k⋅T ⋅S
The constant C depends on the initial amount of impurities N0 in the vessel.
Taking a total volume Vtot = 1700 l for the dewar, an outgassing rate of R = 3.4 ⋅
10−4 mbar l/s and an actual gas flow of S = 80 l/min for the gas recirculation, the equilibrium is reached when the rate of impurities, that can be trapped, is equal to the rate of
new impurities produced by outgassing, i.e. N (t → ∞) in Equation (3.20).
N (t) =

R Vtot
⋅
k⋅T S
3.4 ⋅ 10−4 mbar l/s 1700 l
=
⋅
= 1.05 ⋅ 1019 particles
k ⋅ 297 K
80 l/min
=
ˆ ∼ 255 ppb @ Standard Ambient Temperature and Pressure (SATP)

N=

(3.21)

Using Equation (3.20) the contamination of the argon gas with impurities (in ppb) is
plotted as a function of time in Figure 3.6. For comparison, there is the actual gas flow of
the ArDM system of 80 l/min as also an increased gas flow of 200 l/min shown.
Analyzing these curves shows that it is most important to reduce the outgassing rate
as much as possible. Once stopping to pump pollutes the volume in a few minutes with
more than 100 ppb of impurities. Also it can be seen that the maximum contamination with
impurities is given by the gas flow through the filter and not the initially reached vacuum.
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Figure 3.6: The contamination of the argon gas at SATP conditions with impurities as a function
of the time, from the moment on when the gate valve has been closed and pure argon gas was
filled in the system. The curve is calculated according to Equation (3.20) for the values discussed
in the text for the 40 × 80 cm2 LEM TPC in the ArDM dewar.

3.5

Leaks

Eventually, after a long enough period of pumping the volume, the outgassing becomes so
small that permeation is the main source. This is the point, where there is no way to improve
the vacuum without changing to a bigger, more powerful pump. It is hardly reached with a
normal turbo pump and other methods, e.g. using getter pumps, have to be applied. Permeation only gets notable at pressures below 1×10−8 mbar. Because of its time independence,
the best vacuum reached is
Qpermeation
p=
(3.22)
S
here S is the pumping speed. Often this absolute possible vacuum is never reached but the
pressure still becomes constant. This is an indication for a leak. Leaks behave similar to
permeation. Also they are letting a constant, time independent, flux of gas into the vacuum.
The leak rate, therefore, is given, similar to Equation (3.22) by
Qleak =

∆p ⋅ V
= pmin ⋅ S
∆t

(3.23)

where pmin is the pressure at the best vacuum obtained. [Qleak ] = mbar l/s the leak rate of
the biggest leak. (In general each leak has a different “size” and therefore the largest has
most influence on the final pressure and it is the one to be found first.) Fixing smaller ones
will not make any major effect and cannot be noted by looking at the pressure. After the
main leak is found, the next smaller is the leading one to be fixed.
Generally leaks can be subdivided in two types:
Permanent Leaks are actual holes or cracks in the structure, where gas molecules can
pass through. Most of the time they occur on connections, where two vacuum parts are
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Figure 3.7: The correlation between the pressure of the vacuum insulation (full line) and the
temperature of a cold line inside it (dotted line) shows the behavior of cold leaks. Most obvious
is it at T = 10 days where a temperature drop from gaseous to liquid argon immediately gives an
increase in the pressure.

flanged together. More rarely they happen to be from production errors like weldings that
are not done properly.
A third, very critical place, are connections of different materials like for example feedthroughs. In this case there is a material boundary between the stainless steel flange and
the insulator and again between insulator and conductor. The vacuum tightness is done with
glue, a soft metal like indium or by mechanical force, just pressing together the two parts.
This kind of leaks sometimes can be cured by having a very liquid epoxy resin. Having
vacuum on one side the epoxy can be put on the insulator and, through the leak it is sucked
in and blocks the channel where the molecules went in.
Temporary Leaks open and close, under certain conditions. Most of the time a temperature effect is the reason. Having the large gradients form room temperature to cryogenic
temperatures in ArDM, the contraction of different materials becomes important. Normally
plastics have a thermal contraction of a few percent for a ∆T of ∼ 200 ○ C. Metals on the
other hand contract about ten times less.
The connection between two different materials can be tight at room temperature but by
cooling it down it becomes leaky.
Figure 3.7 shows the correlation between the pressure in the vacuum insulation of ArDM
(described later in Section 5.3) and the temperature of tubes containing the argon inside it.
In the beginning the normal behavior of evacuation is visible. With the start of cooling down
the detector, at T ∼ 2 days, the vacuum improves because of the cold surfaces. Later, it goes
back on its original curve with a lot of fluctuations, which already indicates the release of a
gas from a leaky connection. When cooling down more, to ∼ 100 K, the leak seems to close
again and the pressure drops again. At T = 10 days liquid was filled in the cryostat (what can
be seen by the sudden temperature drop to 89 K). In exactly the same moment, the pressure
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is rising what is a clear indication for a cold leak.
This example shows that the cold temperature created a small leak in one of the joints
that only opens when the temperature falls below 150 K.

3.6

Pressure sensors

The pressure of an evacuated vessel is measured with different techniques, depending on the
pressure range.
p ≳ 100 mbar Over pressures as also under pressures relative to the atmosphere can be
measured directly. A membrane is bent, depending on the differential pressure between
atmosphere and the volume. The general definition of the pressure as a function of the force
on an area is used and the membrane is bent linearly to the pressure.
F = p ⋅ A = −k ⋅ x ↔ x = −

A
⋅ p = −α ⋅ p
k

(3.24)

For reading out the deviation, one possibility is a capacitive readout. Depending on the
relative position of the (conducting) membrane to a charged electrode the capacity changes
and an electrical signal, directly proportional to the pressure is read out.
Another possibility for reading out is the use of piezo-elements. Depending on the mechanical displacement of the membrane a voltage over the element can be read out. An advantage
compared to the capacitive read out is that the gas constitution of the atmosphere does
not influence the measurement. For the capacitance, the dielectric constant of the gas is a
factor to be calibrated. An effect to be taken into account, also for the piezo sensor, is the
temperature dependence. Modern sensors are actively correcting for these effects.
p ≲ 100 mbar For low pressures, i.e. vacuum, the membrane does not move a lot and it
becomes difficult to measure precisely. But what is changing when the pressure changes is
the density of the gas. Therefore the general gas equation
pV = nRT

(3.25)

can be used. If there is a possibility to measure the particle density and the temperature,
also the pressure is known.
Unfortunately, this equation is only valid for an ideal gas. For real gases corrections have
to be applied, depending on the gas type and the method of measurement.
The vacuum gauges used in ArDM are linear piezo sensors down to 100 mbar and below
indirect sensors. For (moderate) vacuum down to ∼ 10−2 mbar Pirani sensors and for better
vacuum cold cathode sensors.
Pirani sensor Pirani sensors are using the thermal conductivity of the residual gas. A
wire in the center of a cylinder is heated up. The heat transport depends on the density of
the gas molecules. To keep the temperature of the wire constant, the current of the heater
has to be regulated. The amount of current now is proportional to the number of particles.
A disadvantage is that at low pressures not only thermal conductivity but also the heat
loss at the ends of the wire, where it is hold, is getting significant. Another constant heat
loss, not depending on the density is thermal radiation. Overall this gives a lower limit of
∼ 10−4 mbar for this type of sensor.
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Cold cathode sensor For lower pressures cold cathode sensors are used. By applying
a strong electric potential between two electrodes, electrons are released from the cathode
and drift to the anode. On their way they can ionize a gas molecule. This triggers a gas
discharge. The measured current is proportional to the number of ions and therefore to the
pressure.
Since a direct line between the cathode and the anode does not give a lot of possibilities for
electrons to ionize gas, the path is prolonged by applying a magnetic field axial to a cathode
pin. The electrons now are dragged on a spiral path towards the anode. This increases the
path and therefore the number of collisions.
The disadvantage of this kind of sensor is that it only should be used at very low pressures
(< 10−1 mbar) otherwise it is getting polluted and it can give shorts. Also ions can stick to
the cathode and get “burned” into it.
Another effect, mainly when having a noble gas as residual gas (in ArDM unfortunately
that is the case if there is some micro leak in the vacuum insulation), is the so called sputtering.
It describes the knocking out of surface molecules by highly ionized and accelerated molecules.
For certain surface treatments that is a wanted process but in our case it destroys the cathode
and can cause shorts.
Also gas molecules (that actually should be measured) can be attached to the cathode by
getter effects. The sensor then acts like a pump and the results can be falsified.
Having this disadvantages, for high particle densities, the sensors in use have a protection.
They are a combination of a Pirani sensor and a cold cathode sensor. For moderate vacuums
the Pirani sensor is used and only, if the vacuum is good enough, the cold cathode is turned
on. Also, in case of a sudden pressure loss, the Pirani gauge is controlling / switching off the
high voltage of the cold cathode sensor.
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Chapter 4

Liquid argon purification
4.1

Methods of purification

The initial purity of commercial liquid argon is in the order of ppm of oxygen equivalent
impurities. It is not sufficiently clean for the experiment and has to be purified in situ.
Different techniques, hereafter discussed, are used to filter out different molecules.
In general impurities in the liquid argon are filtered out by binding them to a surface.
This can be a cold trap (freezing impurities to a cold surface), physical adsorption (van der
Waals force) or chemical adsorption (reaction with other atoms). Cold traps I will not discuss
since, so far, we never were considering them as an option.

4.1.1

Molecular sieve

For filtering out water molecules, in general physical adsorption is used. This can be silica
gel, aluminum oxide or a molecular sieve. While the silica gel has the biggest capacity for
holding back water, the molecular sieves are the strongest adsorbents. In general the power
of adsorption is given at the temperature of the dew-point. For silica gel it is ∼ −5 ○ C and
for a molecular sieve up to ∼ −100 ○ C [101]. Assuming a vapor pressure of 1 × 10−4 mbar
for water at −100 ○ C, this gives a ratio of ∼ 100 ppb for gaseous argon at room temperature
and ∼ 0.1 ppb of water for liquid argon. This increase in purity for liquid is due to the 800
times higher density of argon atoms in liquid compared the gas/vapor at room temperature.
For the water molecules there is no such increase assumed since the amount is given by the
partial pressure of 10−4 mbar and independent of the other molecules in the mixture.
Usually a molecular sieve consists of porous aluminosilicates, so called zeolites. They are
able to adsorb water and when heated up to release it. For commercial use these kind of
crystals are synthetically produced and specially designed to have a uniform and precisely
defined pore size. Figure 4.1 shows the crystalline structure of the two most common types
of zeolite. Each “ball” of the structure (in the Zeolite A structure in the eight corners) has
a silicon or an aluminum atom in each corner of the square surfaces, interconnected with
oxygen atoms. Because the aluminum atom is trivalent the structure as a whole becomes an
anion. To become electrically inert there are sodium, calcium or potassium cations attached
to the molecule. Depending on the ratio and the type of these exchangeable cations the
properties of the molecule can be influenced.
A crystal with sodium atoms has a pore size of ∼ 4 Å, while replacing a sodium atom with
a potassium atom shrinks the diameter to ∼ 3 Å. Replacing it with a calcium atom increases
47

48

CHAPTER 4. LIQUID ARGON PURIFICATION

Figure 4.1: Molecular structure of the two most common types of zeolites. The pore size in the
center depends on the element with which some of the sodium atoms are replaced. It is between
∼ 3 Å and ∼ 5 Å in diameter for type A and ∼ 10 Å for type X.

the diameter to ∼ 5 Å.
In such a crystal, molecules smaller than the diameter of the pore can enter, larger ones
are blocked. Capillary condensation takes place with the molecules entering to a much larger
scale than to others since most of the surface of the crystal is inside the structure. So
molecules, smaller than a certain size can be attached, while larger ones flow around the
crystal.
Considering only this property, also the argon atoms should be filtered out and the sieve
immediately would saturate. This is not the case since, besides the capillary condensation,
there is a second effect The polarity of the sieve material makes molecules stick to the surface.
Because of the crystal structure made out of electrically unbalanced charged parts at fixed
positions, the crystal has a polar surface. Therefore, polar molecules like water are attracted
and stick to the surface while apolar molecules only are held very weakly. The attachment of
argon and nitrogen atoms, can be found in [102]. With this property water can be trapped
up to ∼ 28% of the crystal weight and these kind of crystals really act as a “sieve” for filtering
out certain molecules.
The amount of trapped molecules depends on the temperature of the crystal since at
higher temperature molecules are easier detached again. This behavior is also used to regenerate the material. By heating it up to ∼ 250 ○ C and flushing it with dry nitrogen/argon gas
the trapped water is released and the zeolite can be used again.
Commercially, there are different molecular sieves available, depending on the diameter
of the pore, they are called 3A, 4A or 5A, where “A” stands for Angstrom. Zeolites of type
X in general have bigger pores of about 10 Å.
In ArDM, a molecular sieve is not included in the standard recirculation circuit. Water
is removed as much as possible from the detector by evacuating the volume for a long period
before filling with argon. The remaining water, if attached to a surface, is sticking to it very
strongly due to the low temperatures. If it is dissolved in the liquid argon, it (partly) sticks
to the oxygen filter described in Section 4.1.2.
Therefore, the only way for water to enter the detector volume is to be already dissolved
in the liquid argon, used for filling the detector. For this reason a purification cartridge,
partly filled with a 3A molecular sieve is placed before the inlet to the detector. It is filtering
out the water from the commercial liquid argon. Figure 4.2 shows the 3A crystals with a
diameter of ∼ 2 mm each. In total the cartridge contains 0.7 l of molecular sieve.
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Figure 4.2: Molecular sieve ZEOCHEM 3A grains before inserting them in the regeneration
cartridge. Each grain has a diameter of about 2 mm.

4.1.2

Oxygen filters

As mentioned before, the most critical impurity for drifting electrons in liquid argon is oxygen.
A constant recirculation and purification of the argon is mandatory to keep the contamination
low.
Oxygen is entering the detector volume through micro leaks in the detector shell or, more
dramatically, through cold leaks, discussed in Section 3.5.
Also not to be neglected is the outgassing of the detector material. By evacuating the
detector, a lot of the residual gases are pumped out but, by lowering the partial pressure of
the vessel, impurities might condense or freeze and can no longer be pumped. Breaking the
vacuum with pure argon gas and re-pumping it helps to reduce them.
For filtering out oxygen from argon gas or liquid, chemical adsorption is used. More
specifically, the argon oxygen mixture is guided over a surface of a reduced material. It
oxidizes and only argon is left.
The challenge now is to find a material with a low reaction potential for an efficient
oxidation and a large surface. Elements in question are easy to be oxidized metals. For
commercial products the composition is a secret and not known. We, instead, are building
our own filters containing pure copper. Oxidation is an exothermal reaction and takes place
according to
Ar + O2 + 2 Cu → Ar + 2 CuO
(4.1)
The heat of adsorption is ∼ 82 kcal/mole on the true oxidation and goes down to ∼ 55 kcal/mole
for the partly oxidized copper grains [103]. This reaction is a surface process and takes place
in a monolayer of the copper. In fact the thickness of the layer is increasing with the temperature. At 87 K it is ∼ 4 Å while at 300 K it is ∼ 17 Å [104]. Since the temperature is given
by the liquid argon, it is important to have a maximum possible surface per volume.
It can be reached by the use of sintered copper pelletsi . Each grain of copper has a
diameter of a few 10 µm. It is not a single junk of copper but sintered together from smaller
i

The product in use is FLUKA Copper(II)oxide purum, 98.0% (RT); 61202 from Sigma-Aldrich Chemie
GmbH
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Figure 4.3: The copper grains, sintered together from smaller grains, have a diameter of a few
10 µm. This technique grants a large ratio of surface to volume.

grains in the nanometer scale. Figure 4.3 shows an image of such a grain taken with an
electron microscope.
Because of its exothermal reaction with oxygen, copper is sold already oxidized to copper(II)oxide (CuO), not to be confused with copper(I)oxide (Cu2 O).
Before being used as a filter it has to be regenerated. This happens by another exothermal
reaction where the copper(II)oxide is flushed with hydrogen. The oxide is reduced to pure
copper and water according to
CuO + H2 → Cu + H2 O

(4.2)

Since the reaction is exothermal, the temperature has to be monitored by measuring the
temperature of the exhaust gas from the cartridge in oder not to harm the pellets. The
temperature is controlled by the amount of hydrogen entering the cartridge.
To initiate the reaction, a temperature of ∼ 150 ○ C of the copper(II)oxide is needed, which
is achieved with heating bands wound around the purification cartridge. By the reaction the
temperature rises and, as a clear indication of a complete regeneration, the temperature drops
back to the value of the heater. Another indication for the cartridge to be regenerated is to
see how much water is extracted from the cartridge by cooling the output gas. The water
condenses and can be measured as seen in Figure 4.4.
Hydrogen is a dangerous gas and the concentration must stay below 3% in order not to
take the risk of an explosion. For this reason the regeneration does not take place with pure
hydrogen but with a mixture of hydrogen and argon. Also at the end, when the copper is
regenerated, the cartridge is flushed with pure argon gas, at ∼ 150 ○ C, to clean out all the
water vapor trapped in the sintered material.
For transporting and storing, the regenerated cartridge is filled with pure argon gas to an
overpressure of ∼ 0.5 bar.
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Figure 4.4: Collected water from regeneration of a copper cartridge.

4.2

Liquid argon pumps

Moving liquid argon form the dewar through the filter requires a pump since the filter has a
non negligible impedance. The mandatory requirement, and therefore an important limitation
of a liquid gas pump is, that during the complete pumping cycle, the pressure must not drop
below the saturation pressure of the liquid argon. As soon as that happens, cavitation occurs
and, instead of sucking in liquid, the liquid evaporates and nothing is brought forward.
Because the ratio between liquid and gas is large (for argon 1:800 at SATP), an increase of
the suction will only evaporate more liquid and the residual liquid cools down. Therefore,
having too much suction will, instead of pumping all the gas and some liquid, pump only gas
and at the same moment freeze the liquid to a solid.
The minimum requirements for a commercially available pump are given in net positive
suction head (NPSH). This is the minimum pressure needed before the pump. It can be
achieved by having the pump in a low position and the use of the hydrostatic pressure and
by sub-cooling the liquid to lower its vapor pressure.

4.2.1

The centrifugal pump

One possible pump type is the centrifugal pump. It can provide a high flux of up to 3.8 m3 /sec
with a low input pressure [105]. Disadvantages are that there is a rotating part and therefore
the need of bearings and seals. Also there is the possibility of cavitation due to the high
rotation speed.
The pump shown in Figure 4.5 is a liquid helium pump, constructed by Barber-Nichols
Inc.i for the ATLAS experiment at CERN [106], but the functionality is general for most
i

Barber-Nichols Inc., 6325 West 55th Avenue Arvada, CO 80002, USA
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Figure 4.5: Left: Centrifugal pump for the use with liquid helium. The screw inducer brings the
fluid from below to the impeller where, by centrifugal forces it is pressed radially to the outside.
Right: Schematic CAD model of an impeller according to a technical drawing in [105].
Illustration left: Barber-Nichols Inc., Arvada, USA

centrifugal pumps:
From below, a screw inducer brings the liquid up to a horizontally laying impeller. By
centrifugal forces the liquid is pressed radially to the outside, where through a side channel
it is collected and leaves the pump. In this particular case, the pump shaft is surrounded by
heat shields for a better insulation. Also, the motor of the pump can be changed without
having to completely dismount the pump.
A problem of centrifugal pumps is the need of bearings. Two approaches are in use. One
is to keep the bearings in warm atmosphere and having a long shaft to the impeller. Another
possibility is to have totally degreased ball bearings immersed in the cryogenic fluid. For
them, the thermal contraction has to be taken into account and they only work when cooled.
For some special cases the pump is completely in the liquid, also the motor [107]. Therefore
the cold fluid is providing the necessary cooling. This has the advantage to prevent the use
of a long shaft which reduces the transmission force from the motor to the impeller. On the
other hand, there are special requirements on gaskets and an engine working at cryogenic
temperatures as also the heat produced by the motor warms the cryogenic fluid, which in
turn has to be cooled.

4.2.2

The bellow sealed displacement pump

The second type besides centrifugal pumps are displacement pumps. A volume filled with the
fluid is contracted and the fluid pressed out through a check valve. By expanding the volume
again, fluid can flow in through a second check valve. Theoretically the pump is working
similar to a piston pump, where also the volume is contracted and expanded by the piston.
The difference is that, for liquid gas use, the volume has to be completely sealed against the
environment. It therefore consists of bellows. On one side it is sealed and on the other side
there are two check valves. One for the input and one for the output. Figure 4.6 shows the
working principle of such a pump.
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Air

Figure 4.6: The working principle of the bellows displacement pump is, that a volume, consisting
of a bellows, is contracting and expanding. The liquid flow is constrained in one direction only
by check valves. Special for the ArDM pump is, that it is actuated from the atmosphere (air at
SATP). Because of the needed vacuum insulation, the piston is sealed against the atmosphere by
a second bellows.

The pump in Figure 4.6 is a schematic view of the pump installed in ArDM. On expansion
of the bellows, the pump is filled with liquid argon and on contraction, the argon is pressed
towards the purification cartridge. It is actuated mechanically from the atmosphere by a
glass fiber rod to keep the thermal input low. Because of the needed insulation vacuum, the
actuator also has to pass through the vacuum. It is done with a bellows feedthrough.
In this special case the actuation is done pneumatically with compressed air. Other
possibilities are an electromagnetic actuation with a coil or a stepper motor.

4.2.3

Advanced pump pevelopments

Double-acting volumetric bellows pump
A more advanced version of the normal bellows pump is a pump with two volumes that suck
and press alternating. Figure 4.7 shows the conceptual design of such a pump. Two volumes,
each consisting of a bellows and an end flange, are fixed together on a common central part.
The bellows expand, and contract anti-cyclic. When the bellows expands, liquid can flow into
the volume and at the same time the second volume is contracted and the liquid is pressed
out through a check valve. The total volume stays constant and therefore there is no change
in the liquid level inside the dewar. Also, this pump is giving a more constant flux of liquid
compared to a normal bellows pump. Like the single volume pump in Figure 4.6, the pump is
situated in a vacuum insulation and the only connection to the warm outside is a rod, made
of a material with a low heat conductivity.
A pump of this type is used for the MEG-experiment at PSI for pumping liquid xenon
[108]. For ArDM a similar pump is going to be installed as an upgrade of the single volume
pump currently used.
The disadvantage of these kind of pumps, compared to the centrifugal pump, is that
the bellows only has a finite lifetime and after some million cycles it can leak. A leak is
crucial since on the outside of the bellows there is vacuum. In case of a leak, the vacuum is
polluted and destroyed, what causes a heatup of all the liquid argon tubes inside the vacuum
insulation. To prevent this, the new pump will be mounted in a separate vacuum insulation,
independent of the rest. To increase the overall lifetime, the possible expansion of the bellows
is designed to be only about 30% of the maximum allowed expansion.
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Figure 4.7: A double-acting volumetric bellows pump consists of two single volume pumps that
are operated in anti-phase. During the time one volume is filled, the other one is emptied and
vice versa.

The actively cooled bellow pump
A further improvement is to constantly cool the pump slightly below the boiling temperature
of the liquid argon. In that case, the trapped argon gas condenses and creates an under
pressure that automatically creates a flux to fill the volume.
Unfortunately, the pumps shown in Figures 4.6 and 4.7 are not optimized for that. Only
the rigid, not moving region around the check valves can be cooled. Because of the bellows
it is difficult to immerse the pump in a cooling bath, that, in general, also consists of liquid
argon, slightly colder than the argon to be pumped. To have a bath around the bellows, also
the piston has to be fed through the bath and another bellows is needed, what again is not
optimal because of the finite lifetime of each of them. Also, in case of a single volume pump,
running the pump creates a (small) change in the liquid level of the bath.
For this reason a slightly different pump was studiedi . It still consists of a bellows but the
pump volume itself is a normal steel vessel, completely immersed in a cooling bath. A piston,
sealed by a bellows inside the volume creates the needed change of volume. Figure 4.8 shows
the working principle of such a pump.
The piston, actuated from the top expands the volume and the argon can flow into the
pump. By pressing it down, the check valve on the input closes and the liquid is forced
towards the purification cartridge. The bath, surrounding the pump body is fed with subcooled liquid argon from below and, by taking the heat from the pump it boils. The vapor is
removed to keep a constant level of the coolant.
i

In cooperation with H. BIERI Engineering GmbH, Sulzer-Allee 27, 8404 Winterthur, Switzerland
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Figure 4.8: An idea for an advanced pump is to actively cool the pump body by a liquid argon
bath. The needed change of the pump volume is created by a piston on the inside (compared to
having the complete volume made of a bellows like in Figures 4.6 and 4.7)

The actively cooled double volume pump
Of course the best is to combine the double volume with an active cooling. An attempt to
do so is a pump developed by ILK Dresdeni . It consists of a tube with a metal piston inside.
Around the tube there is a coil, producing a magnetic field to move the piston inside the
tube. No bellows is needed. Check valves on both ends of the tube let argon flow in and
press it out respectively. The complete structure is immersed in the liquid to be pumped.
A demonstrator pump with a total flux of up to ∼ 100 l/hr of liquid nitrogen had an
electrical efficiency of 99.6% [109].

4.2.4

Check valves

To open the check valves of the pump for filling it with liquid argon, a small overpressure
compared to the gas in the pump volume is needed. For starting, this is not given because
initially the pump is warm and filled with gas. Liquid argon is coming to the pump and
eventually, a very small amount of liquid enters but immediately evaporates on the warm
surfaces (expansion by a factor of ∼ 800 in volume). This gives an over pressure inside the
pump compared to the other side of the check valve, which therefore is blocked. Through
the second check valve it is released until the pressure inside the pump reaches a pressure
defined by the sum of the closing pressure of the second check valve and the pressure after
the pump.
Because of the closed circuit, the pressure after the pump is equal to the pressure before
the pump and therefore there is an overall overpressure trapped inside the pump volume. On
the next expansion of the pump that pressure is reduced but it is not sure if it is reduced
enough to let more liquid enter or if the gas only expands and cools down.
In this case the pump is running without load and it is not working. It therefore is
necessary to actively cool the pump to the temperature of the liquid argon (better even is to
cool it slightly below) in order to condense the argon gas inside. The condensed gas creates
a sub pressure and new liquid can flow in.
Most critical is the starting phase. When running, the liquid argon entering cools down
the pump constantly but, as will be shown in Section 6.2 the achieved efficiencies of the
ArDM pump is very poor because of evaporating liquid in the pump volume.
i
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Figure 4.9: Working principle of an idea for an improved check valve to be used with a liquid
argon pump. The flange with the two valves is above the pump volume in order to use the effects
of gravity and buoyancy.
A) If the pump body is not full with liquid, gravity keeps the input valve open and the liquid can
flow/drip in while the gas streams out. The output valve is closed by gravity as also the pressure
after the pump.
B) If the pump is full of liquid the input is closed by buoyancy as also the pressure Fp pump of
the contracting pump. The output valve is pushed open and the liquid is released.

A novel type of check valve, for the use with liquid argon displacement pumps
In the course of the evaluation of an actively cooled pump also the problem of the check
valves has been studied. The existing pump has so called lift check valves. These are valves
with a little cylindrical shaped metal poppet which closes by gravity. In our case the weight is
∼ 15 g and the horizontal surface ∼ 100 mm2 . This gives a differential pressure of ∼ 15 mbar.
This is not a lot and it should be possible to overcome it with a certain flow of liquid or gas.
The problem is that the flow can be very low. Also, there is always the possibility of creating
gas inside the volume. If this gas has, for what ever reason (heat, contraction, ...) created a
certain overpressure, the valve does not work any longer.
This problem should be overcome by the active cooling, but to avoid the uncertainty about
whether the valve is open or closed, an actively actuated valve could be used. A possibility
are electric valves that are driven by the pump engine and open or close in the right moment.
Electric valves have the disadvantage that they produce heat by the electro magnet. It
therefore is better to have a passive system.
An idea for such a system has been developed and is schematically shown in Figure 4.9.
The input valve to the pump is normally open and only closes in case of the pump body
being full of liquid argon. Like that, gas from evaporation can escape and liquid flows in.
The concept is to have a ball, valve where the ball is floating in liquid argon. When there
is gas, gravity keeps the ball in a lower, open position and with the rising liquid level the
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ball floats and closes the input tube from below. When now the pump volume is contracting,
pressure inside the pump is built up and the ball is pressed against the input even more. As
soon as the pump volume expands, there is under-pressure, or even gas by cavitation, and
the ball falls down in the open position.
For the output, a normal check valve with a ball heavier than argon is needed. It is closed
by gravity and the hydrostatic pressure of the liquid argon after the pump while the pump
expands. When the pump builds up pressure it opens and the argon is pressed towards the
purification cartridge.
This valve system has, compared to regular check valves, the advantage that in the beginning, in vacuum, one valve is open. The pump volume can therefore be evacuated and
there is no possibility for air to be trapped inside.

4.3

Gas purification

Instead, or in addition to the liquid argon, also the argon vapor can be purified. This is
interesting since the warmest parts of the detector, where there is gas instead of liquid, are
the ones with the strongest outgassing. Therefore, a large part of the impurities are in the
vapor and only eventually dissolve into the liquid.
Considering a pump recirculating just the vapor above the liquid, is not very efficient
since most of the argon is liquid and, for being able to drift electrons and see the scintillation
light, also the oxygen molecules from that part have to be removed.
Therefore, using the concept of purifying the gas, the liquid argon must be actively
evaporated, filtered and fed back. To prevent having a loop where always the same gas
is purified, the filtered, pure argon must be condensed and fed back to the liquid argon at
the bottom of the vessel. With such a cycle, eventually all the argon is purified. In order
to increase the evaporation and the the mixing of liquid and gas, resistive heaters can be
installed at the bottom of the detector to create gas bubbles.
This kind of purification system is installed and running in a small setup and is reported
in [34]. It can be adapted to the ArDM system, without any conceptual changes. The only
problem is that in the reported setup the total amount of liquid argon is about 50 l and in
ArDM 1700 l, what leads to a big scaling up in dimensioning the pump, filter and tubes.
Pumping argon gas does not only clean it, but as a side effect it lowers the pressure in the
dewar, what also lowers the temperature. The gas pumped out is the so called boil-off, the
evaporated vapor from the liquid. The liquid argon tries to get into thermal equilibrium at a
reduced pressure and therefore the temperature drops. In this case the detector is not cooled
by liquid argon, as described in Section 5.3, but the pump is taking away all the boil-off gas
and with it the energy, needed to evaporate the liquid, cooling the liquid in the detector. To
keep the liquid level constant, the gas then has to be re-liquified in a condenser and fed back.

4.3.1

Gas argon condenser

The purification of the argon gas takes place at room temperature. To feed it back into the
dewar it has to be cooled down to 87 K and liquified. The energy needed to liquify one liter
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Figure 4.10: Schematic of the heat transfer in a condenser tube. The warm argon gas inside a
stainless steel tube is cooled and condensed by a sub cooled argon bath surrounding it.

of argon gas at room temperature is
Etot = Ecooldown + Econdensation

(4.3)

= cp m ∆T + Lv m
= (170 J/l + 258 J/l) ⋅ V ≈ 430 J/l ⋅ V

(4.4)

where cp is the heat capacity at constant pressure and Lv the latent heat of vaporization.
The volume V is the amount of gas at SATP conditions and defined by the haul capacity of
the pump and the impedance of all the system.
The liquefaction is done in a condenser. Its dimensions have to be chosen large enough to
be able to transport away the heat from the gas, while it is flowing along the surfaces of the
condenser. The most simple construction is a tube of the length L in which the gas flows.
For giving the necessary cooling power it is immersed in a sub-cooled liquid argon bath of
∼ 85 K for cooling the pure liquid to ∼ 87 K. The heat is transferred through the steel tube
to the bath and the gas cools down and eventually condenses. Figure 4.10 shows a schematic
view of the condenser tube.
In a first assumption the length of tube needed to cool down 1 liter of gas per second
can be approximated by taking the thermal conductivity of steel for an average temperature
of 0.5 ⋅ (87 K + 300 K) = 194 K. According to [105] the total cooling power needed can be
approximated by
Q = S(KH − KC )
(4.5)
with S a form factor depending on the geometry of the heat exchanger and KH,C the thermal
conductivity integrals for the hot and the cold surface respectively. According to [105] they
are given by
TH

194 K

KH = ∫ kT (T )dT = ∫
0
TL

kT (T )dT = 1530 W/m

(4.6)

0
87 K

KL = ∫ kT (T )dT = ∫ kT (T )dT = 382 W/m
0

0

where kt (T ) is the thermal conductivity function shown in Figure 4.11 with data values
of [110]. The form factor S depends on the geometry and, for a tube it is given by
S=

2πL
O
ln D
DI

(4.7)
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Figure 4.11: Thermal conductivity of AISI 304 Stainless Steel as a function of the temperature.
The data are derived from [110] and fitted with a polynomial of degree 4.
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Figure 4.12: COMSOL Multiphysics simulation of cooling warm argon gas in a stainless steel
tube. The argon flow is 1 l/s (from top down) with an initial temperature of 273 K. The tube
has an outer radius of 12 mm, a length of 10 m and the outside is kept at 85 K. (not the different
scales for x and y)
The 3D illustration shows the temperature distribution in the first 35 mm of the tube without a
distorted scale.

with DO the outer and DI the inner diameter of the tube [105].
Solving Equation (4.5) for a flux of 1 l/s of warm gas, in a tube with DO = 12 mm and
DI = 10 mm, gives a total distance of ∼ 4 mm until the gas is at its condensation point and
in total about 50 cm to condense it.
This result is only a first approximation since the heat conductivity of the argon gas was
neglected.
For a more realistic result, a simulation was done with COMSOL Multiphysicsi and shown
i

COMSOL, Inc.; 1 New England Executive Park, Suite 350, Burlington, MA 01803 USA
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Figure 4.13: Simulation of the temperature of the argon gas flow in the center of a tube with
10 mm inner diameter as shown in Figure 4.12. Having a flux of 1 m/s, the gas is completely cold
after ∼ 8 m.

in Figure 4.12. It simulates the cooling down of the argon gas but neglects the condensation.
For the simulation, a laminar flow of 1 l/s at SATP is assumed. Further the temperature
outside the stainless steel tube is kept constant at 85 K. To keep the simulation rotational
symmetric, the tube is assumed to be straight for the total length of L = 10 m.
Figure 4.13 shows the simulated temperature along the central axis of the tube, where
the gas stays warm for the longest time, as a function of the tube length L. It can be seen
that after ∼ 8 m all the gas has a temperature below 87 K and is condensing.
Close to the walls, the 4 mm obtained with the simple calculation are not too far off as
can be seen also in the 3D picture of the beginning of the tube in Figure 4.12. The gas along
the walls immediately becomes cold.
Because the thermal conductivity of the steel is very good, the inner walls of the tube
are at T ≈ 85 K and a think film of condensed argon will build up from almost the beginning
of the tube. Because of the much higher density of liquid argon compared to argon vapor
(1:800 compared to argon at SATP) the gas density would be reduced dramatically. Having
a constant pressure at the output of the tube, given by the hydrostatic pressure of the liquid
argon, the density stays constant but the gas flow is reduced at the lower parts of the tube.
Therefore, the distance needed for the gas to cool down and eventually condense is reduced.
Taking the result of the simulation and the considerations about density and gas flow,
the re-condenser of ArDM was designed according to them with a length L = 10 m and the
diameters given above. It should be sufficient to condense at least 1 l/s of warm gas. The
tube is a helix where the warm gas enters from the top in order for the condensed gas to flow
down along the walls by gravity.
A short test in a commissioning run was done and a total gas flow of 80 − 100 l/min,
limited by the pump, was condensed. But since there was a leak in the system and air was
able to penetrate, it was not possible to measure the effect on the purity of the argon by the
filter.
A closer description of the actual ArDM system is given in Chapter 5, where also the
pump, and the purification filter are described.

Chapter 5

The ArDM experiment
5.1

Overview

The ArDM detector is a double phase argon calorimeter/TPC, operated at about ambient
pressure. The readout contains two independent systems. A light readout with 14 low
radioactivity 8” photo multiplier tubes, mounted below the cathode and a charge readout in
the gas phase, for reading out ionization charge, drifted to the liquid surface and extracted
to the gas as shown in Figure 1.3.
The instrumented volume has a mass of ∼ 850 kg and the drift distance between cathode
and liquid surface is 120 cm. In order to drift the charge, coming from ionization in liquid
argon, to the gas phase an axially symmetric electric field, up to 3 kV/cm is applied. It is
generated by a Greinacher circuit (Cockcroft-Walton) that is installed inside the detector,
outside the fiducial volume and completely immersed in the liquid argon to prevent discharges.
The uniformity of the drift field is guaranteed by 30 field shaping rings of equal potential
difference between neighboring rings.
To bring the scintillation light to the light readout, the fiducial volume is wrapped with
Tetratex© reflector foil. PMTs as also the reflector foils are coated with TPB as a wavelength
shifter.
For a WIMP interaction producing a nuclear recoil of 30 keV, about 300 VUV photons
and a few tens of electrons are expected. The exact ratio between photons and electrons
depends on the strength of the electric field.
In order to drift these few electrons over a distance of the order of one meter, a purity
below the ppb O2 [eq] level is needed. Reaching the surface, the electrons have to overcome
the surface potential by a stronger electric field, created between two extraction grids. Since
the expected signals for a direct charge readout are very small, a charge amplification in the
gas phase of ∼ 500 is needed to obtain a signal to noise ratio of about 10. To achieve that goal
a direct charge readout system with a good spacial resolution, the so called Large Electron
Multiplier (LEM) is under development. Until the production of a square meter size device
with high gain is feasible, alternative solutions are used. For a first commissioning stage,
an anode without multiplication has been constructed and installed. For the near future, a
second array of photomultipliers is under construction to read out the secondary scintillation
light in the gas phase.
A liquid argon detector also needs a lot of auxiliary facilities. As seen in Figure 5.1, the
actual cryostat with the inserted detector, is only part of a bigger installation.
For keeping 1.7 m3 of liquid argon cold, a refrigeration unit is needed and also all the
61
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Figure 5.1: CAD drawing of the ArDM detector including all the cryogenic facilities.

parts in contact with the liquid argon have to be well insulated. For this reason there are
vacuum insulation jackets, surrounding all tubes and the cryostat, except the top flange,
which is insulated with 30 cm of Perlitei .
To keep the liquid argon inside the detector clean from electronegative impurities, a
purification circuit, consisting of a liquid argon pump and a filter, as also a gas purification
system, are part of the installation.

5.2

The detector

The detector itself, as mentioned before is consisting of different parts. A drift cage, cladded
with a wavelength shifter/reflector, a primary light readout in the liquid and a charge readout
in the vapor layer above the liquid argon. In several commissioning runs over the past four
years, the design has been developed and refined.

5.2.1

The drift cage

The drift cage of ArDM has a total length of 120 cm and a cylindrical shape with a radius
of 80 cm. One part is flattened for the installation of a high voltage generator as seen in
Figure 5.2 and the total front edge area of the detector is ∼ 0.6 m2 .
The drift cage consists of seven pillars to which field shaping electrodes are fixed. Inside
the electrodes, a foil for reflecting the scintillation light is mounted. In the experiment,
contrary to Figure 5.2, it is attached to the top flange of the cryostat. Also the high voltage
i
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Figure 5.2: The ArDM drift cage with the Greinacher high voltage generator attached to it.
The drift cage has cylindrical shape, except where the high voltage generator is placed. The
aluminum construction holding the Greinacher is only for the installation. After installation, the
drift cage as well as the HV-generator are fixed to the top flange of the cryostat.

generator is attached to the flange. The aluminum construction seen in the picture only is
needed until everything is mounted.
Finite Element Simulation of the Electric Field
For the use as TPC the path of the ionization charge has to be well known for defining the
vertical coordinate of the interaction point. This calls for a good understanding of the electric
field. Theoretically, in an infinitely wide detector, only an anode and a cathode are needed
to create an electric field with exactly parallel field lines.
Unfortunately, the detector is not an ideal plate capacitor. The walls are on ground
potential and the distance between anode an cathode is much larger than the distance to
ground. The field lines tend to go directly to the ground potential on the steel walls.
To prevent that, 30 field shaping electrodes are surrounding the fiducial volume. The
finite element analysis illustrated in Figure 5.3 shows an axial symmetric cut through the
(simplified) ArDM detector. The color map shows the absolute value of the electric field
whereby the green color inside the fiducial volume corresponds to a field strength of 1 kV/cm;
yellow and red areas correspond to higher and the blue regions to lower fields strengths.
The outer boarder is at ground and, for simplification, all the volume is filled with liquid
argon and no vapor phase is assumed, since the simulation only investigates the drift region
in the liquid argon. For the cylindrical wall the actual radius of 500 mm is taken while
the bottom geometry is simplified and flat. These regions have very low fields and a more
complex geometry does not change the outcome of the simulation significantly.
For simplicity, also a pure cylindrical shape for the fiducial volume is assumed (i.e. no
flatted side). The wall as also the anode are grounded and the cathode has been charged to
-120 kV. Below the cathode a protection grid on ground potential is installed. The electrodes
have 4 mm diameter and a pitch of 40 mm. Their potential is linearly increasing from −120 kV
at the cathode to 0 V on the anode on top.
The simulation not only illustrates the electric field strength but, in black, the electric
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Figure 5.3: Finite element analysis of the electric field of the ArDM drift cage. The spacing
between two field shapers is 40 mm and field disturbances can be seen up to ∼ 40 mm inside the
fiducial volume. As a rule of thumb, the field becomes uniform about the pitch size away from
the field shaping rings.

field lines along which the charge is drifting, are drawn (neglecting the diffusion).
It can be seen that close to the cathode the electric field is stronger and the field lines
are squeezed. This leads to an non-uniformity and only the central part of the detector has
completely straight lines. Also close to the field shaping electrodes the lines are distorted and
there is a potential well between two field shapers. It is not symmetric because of the third
potential, the dewar wall.
The potential difference between the wall and the upper electrodes is smaller than between
the wall and the lower ones, what causes the asymmetry.
Generally, the region where field lines are attracted to the electrodes or guided between
them to the dewar wall is of the order of the pitch size between two electrodes. Regarding the
fact that the most outer part of the fiducial volume has to be cut away because of background
events induced by the natural radioactivity of the detector material as from background
entering from the outside, this pitch is a good compromise compared to a smaller one, that
would result in a much heavier detector because of the additional material.
Construction
The field shaping rings confining the drift field are electro polished stainless steel tubes of 4
mm diameter with 1 mm wall thickness. The overall weight of each ring is ∼ 450 g. To be
sure not to trap any air inside the tubes that later diffuses out through possible cracks, each
ring has small holes drilled through the tube to be able to evacuate them.
The electrodes are mounted on seven polyethylene pillars surrounding the fiducial volume.
The pillars have slits with a pitch of 4 cm to hold the electrodes as seen in Figure 5.4. This
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Figure 5.4: The field
shaping electrodes are
constructed from 4 mm
tubes. They are mounted
with a pitch of 40 mm
to seven polyethylene
pillars.

Figure 5.5: Detail view of the high voltage cathode. A
stainless steel wire mesh is pressed between two steel frames.
The duty of the rounded frames is not only to hold the mesh
but also to protect the sharp edges of the wires against the
ground of the dewar wall.

gives a total of 30 rings for the 120 cm length.
The lower end of the drift cage is electrically closed with a transparent cathode (Figure 5.5). It is a grid for letting the photons reach the light detection system below. The pitch
of the 500 µm thin steel wires is 20 mm and they are woven crosswise what makes them look
a bit loose. The overall transparency of the cathode is 95%. The wires of the grid are pressed
between two polished stainless steel frames. This method also protects the sharp edges of
the wire ends from the ground potential at the dewar wall.
Mounting of the drift cage in the cryostat
The drift cage and with it the PMT array below are fixed to the top flange on seven pillars.
This is convenient because the complete detector can be lifted out of the dewar by a crane.
Initially the pillars were attached to the top flange by a threaded stainless steel rod.
Because the polyethylene is too soft to cut a thread in it directly, a horizontal metal bolt
with a thread in the center, perpendicular to the axis, is used for fixing the system as seen
in Figure 5.6. The pillars now were screwed to the flange as a first thing before all the field
shaping rings and other parts were mounted.
This is inconvenient since there are moments when the detector has to be detached from
the top flange for maintenance or the installation of new parts. For this reason a new, more
sophisticated system consisting of 3 parts was developed. By the use of a left handed thread
and a right handed one on the same bolt it is possible to attach the system when turning
the bolt in one direction and to detach it by rotation in the other direction. Also it allows a
later adjustment of the height of each individual pillar.
Figure 5.7 shows the technical drawings of the completely open and completely closed
system as also a picture of the bolt, attached to the polyethylene pillar. An adjustment of
each pillar up to 40 mm is possible without the pillar detaching. After all adjustments are
done, the position is fixed with two counter nuts, preventing the bolts to rotate accidentally.
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(top: M8; bottom M10)
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Figure 5.6: Initial system for fixing the drift cage to the top flange. A threaded bolt is screwed
in the top flange (not in the drawing) and on the lower part in a horizontal bolt to attach the
plastic pillar.
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Figure 5.7: CAD design of an attachment bolt for the drift cage. Rotating the central bolt
clockwise expands the distance between flange and pillar up to a maximal distance of 40 mm.
Having reached the needed distance, the system is fixed by the counter nuts.
Right: Picture of the system, fixed to the polyethylene pillar without the top flange.

5.2.2

Light readout

To detect the the small amount of light produced by the argon scintillation, a single photon
counting device is needed. Despite the recent developments (APD-sensors, SiPMTs, ...) the
most suitable, for the use in a large liquid argon TPC, is the photo multiplier.
ArDM has installed an array of 14 low radioactivity PMTs [111]. Because at low temperatures the bialkali photocathode becomes resistive, a platinum underlay is deposed to
keep the photocathode on the required potential. The used Hamamatsu R5912-02MOD has
a quantum efficiency of ∼ 20% for wavelengths around 400 nm. The complete sensitivity
spectrum is shown in Figure 5.8. Important to note is that the spectrum does not go below
∼ 270 nm and not above ∼ 700 nm. These two limits have different origins. The cut for large
wavelengths is coming from the fact that the photons are not energetic enough to hit out any
electrons from the photocathode. The cut at small wavelengths, in the UV-range is coming
from the fact that photons of smaller wavelength cannot penetrate the borosilicate glass.
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Figure 5.8: The Hamamatsu Large Photocathode Area PMT R5912-02 is an 8” PMT with
a platinum underlaid photocathode, suitable for the use in cryogenic liquids. The quantum
efficiency, shown on the left side is from [111].

In general, the transparency of glass goes from 115 nm for MgF2 windows to ∼ 270 nm
for borosilicate. Special quartz, called synthetic silica, has a transparency down to ∼ 160 nm.
It is transparent for the xenon scintillation light of 173 nm but not for the 128 nm photon
emission of the argon.
For argon, MgF2 -windows are the only solution for a direct detection of the VUV photons
[61]. Unfortunately the maximum diameter of PMTs with a MgF2 -glass is ∼ 25 mm. For
covering large detector areas in the range of 1 to several 100 square meters with PMTs, that
is not feasible and PMTs with a larger photocathode are required. For them a wavelength
shifter is needed to shift the VUV light to the visible spectrum, where the PMT is most
sensitive.
Photosensors used for the Dark Matter search do not only need a superb sensitivity
with a high quantum efficiency and single photon counting capability, but also they must
not introduce background radiation by themselves. A typical problematic is that glass is
contaminated by radioactive elements like uranium and thorium.
The used PMT was developed specially for the use in low background experiments. It
uses a glass with strongly reduced radioactivity.
Wave length shifter coating techniques
To convert the photons from 128 nm to the region where the PMT is sensitive, as described in
Section 2.6, a wavelength shifter is needed. It has turned out that TPB is the most suitable
solution [64]. Knowing the needed molecule, it somehow has to be attached to the surfaces
without loosing its shifting abilities. Different techniques to deposit it on surfaces have been
studied:
Spray. The most obvious and also most simple solution is to dissolve the TPB in an organic
solvent and to spray it with an airbrush gun on the surface. To dissolve a molecule, a solvent
with a similar molecular structure, as the one of the molecule to be dissolved, is needed. One
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possibility for TPB is toluene (C7 H8 ), an aromatic hydrocarbon. It is a common solvent for
organic molecules.
On the surface the solvent evaporates very quickly and the bare TPB is left as a white
film. This technique is used by the ICARUS collaboration [112]. They coated their PMTs
with this method. To improve the attachment, the glass initially was sandblasted.

Polymer matrix. A more robust possibility is, not to spray the wavelength shifter, but
to embed it in a polymer matrix. For the matrix different materials like paraloid [64] or
polystyrene [66] can be used. The polymer and the TPB are dissolved together in toluene.
This solution is applied to the PMT surface by dipping the tube in the liquid or by painting
the surface with it. After that the toluene evaporates and a residue matrix of the polymer
with embedded TPB molecules stays on the surface.
Compared to evaporation, discussed below, the conversion efficiency is reduced by about
50% [66]. Similar results were also found as part of the ArDM R&D program [64].
In spite of this poor efficiency the MicroBooNE collaboration is using acrylic plates coated
with polystyrene in front of the PMTs for the light collection [66]. The reason is that this
method has been found to be much more robust, and also it is much more cost efficient
compared to evaporation.

Vacuum evaporation. The procedure tending to give the best results and used in most
Dark Matter experiments is the vacuum evaporation. The low melting point of TPB (207 ○ C)
can be utilized for coating a surface by thin film evaporation. Hereby a film of a few µm
thickness is evaporated directly on the PMT. Generally one refers not to the thickness of the
film, but to the evaporation density in mg/cm2 . Typical densities go from 0.05 mg/cm2 to
several mg/cm2 . At a thickness of ∼ 0.1 mg/cm2 light conversion is almost maximal [113].
On the other hand, with an increased thickness the transparency for visible light decreases.
The ArDM PMTs were initially evaporated with a density of 0.05 mg/cm2 [114], but,
after intense studies the thickness was increased to 0.2 mg/cm2 . Also it has to be taken into
account, that the evaporation is taking place from one crucible (almost point like source) onto
a spherical surface. Because of these geometrical restrictions the distance between crucible
and surface is not constant and the deposition in the center of the PMT is thicker than at
the edge.
Figure 5.9 shows a schematic view of the evaporation setup. The plot on the right shows
the relative thickness of the coating as a function of the percentage of the total active area
covered for a given distance between crucible and PMT. It was assumed that the TPB is
uniformly distributed and will stick on the first surface it reaches. The thickness as a function
of the angle Θ is given by
T (Θ) d2
= 2 ⋅ sin Θ,
Ttot
r

(5.1)

where Θ is the angle between the tangential surface of the PMT and the direction of the
crucible (see Figure 5.9). The distance d is given by the used evaporator and is 250 mm.
For simplicity, the sensitive area of the PMT has been approximated by the surface of a
sphere with a radius of 131 mm.
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Figure 5.9: The thickness of the coating depends on the distance from the crucible during the
evaporation. The plot on the right is showing the relative thickness as a function of the coverage
of the photocathode. 100% corresponds to the closest point (distance d) on the PMT from the
crucible as shown in the left figure. For example, a thickness of at least 50% (violet curve), of
the maximal thickness, is covering about 56% of the sensitive area.

The ArDM PMT array
To find the best possible light collection 7 PMTs of equal type with different treatments of
the active area have been thoroughly tested in a cryogenic run. From the different treatments
a layer of TPB directly evaporated on the PMT glass was found to give the best results [114].
A total light yield of 0.3 − 0.5 phe/keVee, depending of the position of the scintillating
event in the fiducial volume has been reached [114]. Extrapolating to the full readout with
14 PMTs at the bottom, all with the best possible coating, gives an expected light yield of
at least ∼ 1 phe/keVee. Another commissioning run to verify this light yield with the fully
assembled readout, as seen in Figure 5.10, did not completely confirm the prediction but gave
an overall light yield of 0.7 phe/keVee for 511 keV gamma particles [115].
The fully assembled light readout is shown in Figure 5.10. The PMTs are fixed to a
massive stainless steel frame. That frame has to be strong because of the buoyancy forces
from the PMTs. Each tube has a buoyancy of ∼ 4 kg.
The PMT itself is fixed to the steel frame by the printed circuit board (PCB) that is
needed for providing the correct voltage to the dynodes as also to read out the signal; There
is a wires for each dynode fed through the glass bulb and soldered to the PCB. Then, the
complete PCB is screwed to the frame as seen in Figure 5.11
After a first run with the total array, there were ideas, how to increase the light yield even
further. One problem is that the active surface on the bottom of the drift cage only covers
∼ 70%. Between the tubes there is dead area and a photon hitting there is lost.
For at least recovering some wavelength shifted photons, a Teflon mask has been built.
As shown in Figure 5.12 it is wounded around the tubes, so that only the photocathodes are
exposed to the fiducial volume. Visible photons hitting the Teflon are reflected, while for
VUV photons it is not reflecting. Some attempts to deposit wavelength shifter on the Teflon
were made but not successful.
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Figure 5.10: ArDM light readout
with 14 8′′ PMTs. Each PMT is coated
with TPB by vacuum evaporation.

5.2.3

Figure 5.11: The PMTs are fixed to the
stainless steel structure by their readout PCB.
Between PMT and cathode, a grounded protection grid is installed.

The side reflectors

Besides hitting the PMTs directly, VUV scintillation photons can also reach the reflectors
around the drift cage. Since for a Dark Matter experiment the light yield is crucial, the loss
of these photons would be fatal. The photons must be reflected until they reach the photon
readout device.
However, the reflection of VUV light is difficult. It is therefore easier to convert the light
to a larger wavelength and reflect that light. For this reason the barrel around the cylindric
fiducial volume of ArDM is covered with a Tetratex® (TTX) membrane, a kind of woven
Teflon cloth. For the xenon scintillation light that setup would work perfectly, since the
xenon scintillation light is reflected by Teflon. For the 128 nm peak of argon that is not the
case and a wavelength shifter has to be deposited also on the reflector.
We decided to use the evaporation technique also for the reflectors. For that reason a
special evaporator that can host a Teflon sheet of 120 × 25 cm2 has been constructed. Details
can be found in [113].
Because the TTX membrane is like a cloth it is difficult to fix without distorting it.
To obtain the necessary mechanical rigidity and also to shield the membrane from photons
created outside the cage, a specular 3M foili is installed. Even though it is highly reflecting
in the visible, the foil is only plastic and non metallic. Figure 5.13 shows the fully mounted
reflector on the drift cage. The single foils are overlapping each other in order not to let
photons escape or background photons to enter.



5.2.4

The charge readout

For maintaining a uniform electric field, an anode has to end the drift cage on the most
positive end, on top of the drift cage. It is not only closing the field but also has to be able
to read out the drifted ionization electrons. Since there are only very few electrons produced,
i
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Figure 5.12: To increase the number of photons to be read out, a Teflon reflector mask (white
disk) is laid around the PMTs. It has holes matching the active area of the PMTs. It is not
coated with wavelength shifter but supposed to reflect already wavelength shifted photons.

the charge signal has to be amplified to overcome the electronic noise background. For this a
novel concept of charge multiplication is under development. Based on the concept of the well
known GEM foils [32] the Large Electron Multiplier (LEM) has been developed. It consists
of a standard copper cladded PCB of ∼ 1 mm thickness. Holes of 500 µm diameter are
mechanically drilled through the board. When applying a strong electric field of ≳ 30 kV/cm
electrons entering the hole are accelerated and multiplied [33–36].
Up to now the LEM still is under development and the best result obtained is a gain of
∼ 30 in a setup of 10 × 10 cm2 [35]. Having two LEMs on top of each other are supposed to
give a total gain of ∼ 30 × 30 ≈ 900 what would be sufficient for detecting the expected signals
from WIMP interactions in ArDM.
This developement is going in parallel with the construction of the ArDM detector, but
the gain to see low energetic nuclear recoils is not yet reached. Also the size of the LEM
needed for ArDM is larger than the LEMs tested so far and more research has to be done. The
largest ever built LEM has about half the required size and has an area of 40 × 80 cm2 [78].
Until the charge readout is ready, an intermediate solution has been implemented. The
idea was to have the same parts as needed for a LEM readout but no amplification yet.
These are two extraction grids to produce a strong enough electric field, so that the drifting
electrons can overcome the surface potential of the liquid argon and an anode where they are
collected. Also needed are level meters to measure precisely the liquid level, what again calls
for a system to adjust the readout to the liquid surface.
Figure 5.14 shows a schematic drawing of the designed system. The whole charge readout
system is attached to the top flange, independently of the rest of the drift cage. The different
“layers” are interconnected with spacers and all together fixed to a frame called umbrella. It
is a steel skeleton situated 10 cm below the top flange. The actual charge readout is fixed to
it with parallel plastic spacers of the needed distance. The umbrella is attached to the top
flange by a vertically moveable hanging system for the fine adjustment of the readout with
respect to the argon level.
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Figure 5.13: In order to improve the reflector on the drift cage cylinder, a rigid Teflon strip
frames the top and the bottom of the foils.

The “charge readout sandwich”, consisting of the two grids and the anode, is fixed to the
umbrella by vertical Nylon tubes as spacers. The complete construction is screwed together
with threaded nylon rods inside the spacer. Because of the thermal expansion, the spacers
have to be the same material like the screws. Unfortunately Nylon is trapping a lot of
humidity. The amount of it therefore should stay as low as possible.
The system designed for ArDM can be seen completely assembled in Figure 5.15. It has
a total weight of ∼ 12 kg and is 15 cm high. The diameter of the anode as also the extraction
grids below it is 76 cm. It is therefore slightly smaller than the diameter of the field shaping
electrodes (80 cm). This is because of the mechanical constraints coming from the pillars
that hold the drift cage. The 76 cm diameter readout was the biggest possible readout to fit
in.
Typical electrical potentials used for the operation of the different parts are according to
experiences with smaller setups [33–36] and listed below:
Anode
2nd grid in GAr
1st grid in LAr
1st field shaper

+2 to + 4.5 kV
0V
−3.7 kV
−4.4 kV

Adjustable hanging system
The distances between the layers of the charge readout were chosen according to the values
obtained in tests with smaller setups. Because the level of the liquid argon can vary with
temperature and also the dewar might not be completely horizontal. The charge readout
therefore has to be adjusted in height and also to a horizontal orientation (parallel to the
liquid argon level). For the lower detector parts the very precise alignment is not necessary.
The following requirements were defined for the development of the system:
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Top flange
Moveable hanging
system

100 +/- 25

Umbrella

1.5
250 225

Threaded rod
with spacer
(Nylon)
Anode
10

2nd Grid

10

1st Grid
1st Field shaping ring

Figure 5.14: Schematic view of the temporary ArDM charge readout system. For the final
version, the two LEM planes will be placed between the 2nd grid and the anode.

● max. vertical movement: ±25 mm
● max. tilt in all directions: 0.5○

● step size: 0.5 mm
● step size: 0.05○

further, the system has to be
● absolutely vacuum tight
● have a low outgassing coefficient

● operational at liquid argon temperature
● radio pure

The schematic of the implemented system is shown in Figure 5.16. On top of a chimney
there is a flange mounted with a hole in the center. Through that hole a rod with the adapter
for the charge readout is put. For sealing the complete system against the atmosphere, a
sleeve with a membrane bellow is welded to the flange as also to the central rod. The system
can be moved as indicated in the figure.
A technical drawing of the assembled support is given in Figure 5.17 and the mechanism
for the adjustments can be seen. There is a central spindle with a thread inside for adjusting
the height and two screws in the periphery for tilting the charge readout.
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Figure 5.15: The temporary charge readout of the ArDM detector. The anode and below the
extraction grids are fixed to a steel frame in order to attach them to the top flange. The correct
spacing is given by Nylon spacers. The gold plated structure is the anode and below the green
FR4 spacer between the extraction grids can be seen.

Atmosphere

Top flange

Membrane bellow

Chimney

CF200

Adapter
Argon gas
Figure 5.16: Schematic drawing of the adjustable support with a rod and an adapter for fixing
the charge readout. It is sealed against the atmosphere by a membrane bellow.

A planarity of ±0.057○ with respect to the liquid surface has been reached. This corresponds to a maximum of 0.8 mm difference in the distance between the surface of the liquid
argon and the edge of the extraction grids.
To keep the system in position against the pressure inside the dewar, it is pressed to the
flange by two springs, loaded with 60 kg each.
As seen in Figure 5.18 the system is manufactured of stainless steel completely. The
adapter where the lower part of the charge readout is attached has slits instead of screw
wholes. Together with the possible mounting positions on the CF200 flange it therefore is
possible to fix the umbrella in any rotational position. The lower part is rather close to the
liquid argon surface and is at a temperature of about −100 ○ C To reduce the heat input from
the top flange, thermal buffers are installed. They cause a stratification of the argon gas and
reduce the heat transport through convection. The heat transport through the steel structure
is kept as low as possible by using tubes with thin walls.
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Height indicator
(mark every 5 mm)

CF63 for services

Nut for height
adjustment
CF40 for services

Protection bell

Screw for tilt
adjustment

Spring for keeping
system in position

Main flange CF200

Figure 5.17: Technical drawing of the adjustable hanging system based on a CF200 flange.
Rotating the central nut gives a vertical displacement. With the small screws on the side, the
system can be tilted. There are several flanges that can be used for feedthroughs or other services.

The umbrella
In order not to loose any of the fiducial volume, the charge readout has to hang from pillars
fixed to its edges. To attach them to the central hanging system an adapter, the so called
umbrella is needed. In Figure 5.15 the whole mounted assembly is shown. The umbrella is
clearly visible over the anode. It is a steel frame with a central part matching the hanging
system. The ten threaded rods for hanging the charge readout are fixed to the umbrella
through “ears” that are situated between the pillars of the drift cage with a bolt circle radius
of 39 cm.
For having a light but rigid structure the principle of a “T-beam” is used. The frame on
which everything is attached is a 1.5 mm thick steel frame. Below it, to reach the stiffness
to support the weight, perpendicular steel ribs are welded on. A FEM-analysis for the mechanical strength gave a maximum deformation of 0.5 mm and a maximum stress of 35.7 MPa
for a total of 20 kg attached to it. For comparison, the plastic deformation for the used steel
in cold starts at ∼ 200 MPa. As seen in Figure 5.19, the main stress is on the vertical parts.
The maximum of 35.7 MPa is close to the center on a weld.
For construction, all parts were cut out of a steel plate with a water jet. This has the
advantage compared to a laser that there is no thermal deformation. Then the parts were
welded together with the electron beam welding technique. In the end to round the edges
the piece was electropolished.
The extraction grids
The drifted electrons have to overcome the surface potential of the liquid to be extracted to
the gas. For this reason the electric field locally has to be more than 2.5 kV/cm. It is reached
by two aligned grids, one in the liquid and one in the gas phase above, as seen in Figure 5.14.
Technically that has been achieved by the construction of two identical steel frames on
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Figure 5.18: The adjustable hanging system is made of stainless steel. For reducing the heat
transfer from the warm top flange to the liquid argon, thermal buffers are attached to the shaft
of the system. They prevent convection of the cold argon gas.

which wires are fixed in one direction. The design parameters of them are:
Wire diameter
Wire tension
Wire material
Wire pitch
Grid diameter
Frame cross section
Frame material
Distance between grids
Spacer thickness
Spacer material

100 µm
1 N/wire
AISI 316L temper: hard
6 mm
760 mm
20 × 5 mm2
AISI 316
10 mm
5 mm
FR4

The frames are 20 mm wide and have a thickness of 5 mm as can be seen in the technical drawing in Figure 5.20. Because of the high voltage the corners are rounded and also
everything was electropolished. For the later soldering of the wires, the upper surface has
been polished also mechanically.
The production of wireframes, also with much thinner wires, is a standard procedure
in high energy physics. A machine and the knowhow, how to tension the wires uniformly
was found at the Paul Scherrer Institute (PSI). A common way for building frames for wire
chambers is to have a glass epoxy frame with copper pads on which the wires are soldered.
For the use in liquid argon this is not possible and also for the experts at PSI, the fact that
the complete structure must be operated at −200 ○ C was a challenge. The big temperature

77

5.2. THE DETECTOR
35.7 MPa
17.9 MPa
0 MPa
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1

Figure 5.19: ANSYS simulation of the stress to the umbrella, having attached 20 kg. A
maximum stress of 35.7 MPa was found and the maximum deformation is 0.5 mm. For illustration
reasons the deformation is highly exaggerated.
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Figure 5.20: Technical drawing of the frame of an extraction grid. The material is stainless
steel 304 and the surfaces are polished.

difference also comes with a different expansion coefficient of different materials and therefore
both, the thick frame as also the wires are stainless steel.
Also there are big forces applied to the frame during the process of cooling down the
system. The thin wires are cold much faster than the big mass of the frame. That causes a
contraction of the wires with respect to the frame. The frame has to withstand this force.
To tension all the wires with the same force, it is not possible to start soldering on one
side with a singe wire. It would cause a deformation of the frame in the way that by the
end, the last wire has the right tension but the first ones are loose again. All of them have
to be tensioned first and then soldered to the frame. Technically this is done with a machine
similar to a loom. A single wire is placed in two combs with the correct pitch and tension.
Then all the wires are soldered to the frame and only when everything is soldered they are
cut. This method causes a much more uniform distribution of the force.
However, soldering to a steel frame is very difficult. The thick steel frame is carrying
away the heat too fast for normal soldering tin. For that reason a lead and cadmium free
soft soldering producti with a melting point at ∼ 220 ○ C was used.
Even using low temperature tin gives a lot of heat to the steel frame. This makes the
i

Castolin 157
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Machined groove

Laser engraving

Kapton tape

Figure 5.21: Detail view on the extraction grid frame. For preventing the soldering tin to flow
from one wire to the other, a groove is machined in the frame. Between the wires small Kapton
tapes are fixed. They were removed after soldering. The laser marks, seen on the outer part of
the frame, are needed to align the wires.

tin flow not only around the wire but also to unwanted places like neighboring wires. For
preventing, that a soldering stop had to be applied. This is, on one hand a groove in the
middle of the wire to prevent the tin from flowing too far back, as also small Kapton tapes
between the wires, as shown in Figure 5.21.
Having two extraction grids requires a very precise alignment to each other with a maximum deviation of about one wire diameter. To achieve this, also the wires on the frame have
to be positioned very precisely. This has been done by engraving the place, where the wires
have to lay, with a laser (see Figure 5.21).
To summarize, the complete production chain for a single grid is listed below:
1. The frame is cut out of a stainless steel plate by laser or with the water jet.
2. The grooves and the holes are machined.
3. The surface is mechanical polished.
4. The frame is electro polished to avoid sharp edges.
5. The wire positions are engraved by laser.
6. Soldering stop masks, made with Kapton tape, are fixed on the frame.
7. The pre-tensioned wires are soldered with a low temperature soldering product to the
frame.
8. The Kapton tape and the soldering residues are cleaned with acetone.
The two frames have to be electrically insulated, aligned and fixed together at the correct
distance from each other. It is guaranteed by a 5 mm thick FR4 frame (glass epoxy) between
them. For cost reduction as also to avoid thermal stress (the expansion coefficient of steel is
∼ 11 ⋅ 10−6 /K and for glass epoxy it is ∼ 15 ⋅ 10−6 /K) the spacer is subdivided in individual
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Figure 5.22: The two grids are fixed together with plastic screws every ∼ 5 cm. They are
separated from each other by a 5 mm thick glass epoxy spacer. The fixation to the rest of the
charge readout is done with Nylon screws in 10 points.

pieces. The two grids and the spacer between them are fixed together with M3 Nylon screws
every ∼ 5 cm. This gives the necessary rigidity against the forces coming from the wires while
cooling down (because of the tight fixing, the two grids can almost been considered as one
stainless steel frame of 15 mm thickness).
As can be seen in Figures 5.22 and 5.25, the glass epoxy spacers have ears, corresponding
to the ones of the umbrella and the anode described below, for attaching them to the rest of
the charge readout.
The temporary anode
The upper end of the electric field is given by an anode plane. In the case that only the
secondary scintillation light from electrons extracted to the gas is measured, a simple metal
sheet or a grid in the gas would be sufficient, but it is also interesting to measure the charge
directly.
Even without amplification, crossing muons release enough charge in liquid argon to give
a detectable signal above the electric noise. The easiest way to read out the signal, without
having to worry about high voltage on the signal cable, is a capacitative readout.
Instead of having an electrode and a decoupling capacitor, the anode itself is built to
be the capacitor. Built with a standard, copper plated PCB, there are mirrored pads on
both sides of the dielectric. Like that the PCB becomes one big plate capacitor, as shown in
Figure 5.23.
The system is powered by positive high voltage on the anode. The readout side is at
ground and the signals easily can be read out.
Instead of having only one single pad, the anode of ArDM is subdivided into 32 pads of
about equal size as shown in Figure 5.24. It is a temporary solution and for the Dark Matter
runs it will be exchanged. The single pads are provided with high voltage through small
copper strips between the pads as also shown in Figure 5.24. The high voltage resistors are
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Figure 5.23: Schematic view a capacitative anode readout.

Connection to
inner pad
Pad

Pad

Guard ring
Solder pads for
surface mounted resistors
Figure 5.24: Left: The temporary ArDM anode consists of 32 pads of equal size.
Right: Resistors are soldered on designated pads between the guard ring and the pads. Inner
pads are connected with a thin copper conductor to the resistors.

surface mounted on small pads.
The PCB has a thickness of 1.6 mm and after etching, it has been gold plated. Because
large area PCBs need special machines for production and are therefore expensive, the anode
is glued together of four parts. To have a completely flat area, the anode is reinforced with
two PCB strips, crosswise glued on the upper surface. This cross is not only necessary for
rigidity but also for routing the signals and hosting the connector.
The level meters
In order to know the liquid level between the extraction grids as also to know the inclination
of the system to the horizontal plane, three capacitive level meters are fixed to the grids.
As shown in Figure 5.25, they are mounted on a PCB and have an overall hight of 25 mm.
They are fixed below the lower extraction gird and therefore can measure the argon level
from 5 mm below the lower grid to 10 mm above the upper grid.
They are constructed with 9 vertical plates alternating connected together. The liquid
argon with a dielectric constant of LAr ≈ 1.5 changes the capacity of the levelmeters, depend-
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Figure 5.25: Three capacitive level meters are fixed to the extraction grids. They are needed to
measure the level relative to the grids as also to adjust the planarity of the readout with respect
to the argon surface.

ing on the argon level. To shield from external fields, the plates are surrounded by plates
connected to ground potential.

5.2.5

The Greinacher high voltage generator

To obtain a strong electric field up to ∼ 3 kV/cm, over a distance of 120 cm, a very high
voltage is needed. To provide the cathode with the necessary potential, the most obvious
option would be a high voltage feedthrough. There exist possibilities for feeding in more
than −120 kV [112] what would be sufficient for a field of 1 kV/cm. The distribution of the
voltage to the field shapers is done by a resistive voltage divider in this case.
Advantages of a feedthrough are that the output voltage can be changed more easily and
adjusted quickly as also in case of an emergency shut down, the high voltage can be switched
off immediately. Also, in case of a problem with the power supply, it can be repaired or
exchanged without having to open the detector.
Problematic which such a high voltage feedthrough is that the voltage is generated outside
in the atmosphere and there is always the risk of a discharge because of humidity that enters
the cable. Also the high voltage has to be brought through the argon gas which has a low
breakdown voltage. While argon gas has a very low breakdown voltage, the liquid argon
has a large dielectric strength of ∼ 1 MV/cm. So, once in liquid, the reaching of very high
potentials is no longer so critical.
Considering these problems, for ArDM we chose the approach to immerse the high voltage
generator directly into the liquid argon. Thus, the problem of having to feed high voltage
from outside through the argon gas to the liquid becomes obsolete. The used technique is
the so called Greinacher High Voltage multiplier [116] (also known as Cockcroft-Walton). It
converts a low AC voltage in a high (negative) DC voltage. It can be operated at a low
frequency of ∼ 50 Hz, and therefore it is not interfering with the much faster response of
signals coming from the detector. Also an important issue is, that when charged, the circuit
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Figure 5.26: Circuit diagram of a negative Greinacher HV multiplier. The device consist of
several identical stages (blue part). Each stage again has two capacitors and two diodes. The
parts in red are for shifting the voltage of the first stage to a value different from ground.

can be decoupled from the input voltage and only has to be recharged sporadically. Because
there is (almost) no current flowing, (almost) no heat, and therefore no gas bubbles are
produced, what is crucial for the liquid argon TPC technology, especially around the high
voltage parts.
As shown in the circuit diagram in Figure 5.26, the voltage multiplier is consisting of
several stages, each having a charging and a storage capacitor and diodes between them.
By applying an alternating voltage, charge is transferred from the loading capacitor to the
storage capacitor in one half of the cycle. In the second half of the cycle the loading capacitor
is recharged without discharging the second capacitor. The potential over the other capacitor
is increasing with the number of k cycles according to
1
1 k 3
Vout k = Vpp + ∑ i Vpp ↔ lim Vout k = 2 ⋅ Vpp
k→∞
2
2 i=1 2

(5.2)

and after an infinite amount of cycles it will reach the total of 2 ⋅ Vpp , two times the peak to
peak input voltage.
By cascading several stages, the voltage is increased by the value Vpp over each stage and
the final voltage reached after n stages is given by
Vn = n ⋅ Vpp

(5.3)

where Vpp is the peak to peak voltage on the input and n the number of the stage.
For providing the field shaping rings with the adequate voltage, no longer a resistive
voltage divider is needed but the voltage can directly be taken from the Greinacher circuit.
According to Equation (5.3) the stages are on a well defined voltage, depending on the input
voltage. The potential for each field shaping ring now can be taken from the corresponding
stage of the multiplier.
Unfortunately, Equation (5.3) is only valid in an ideal system. In reality the multiplication
is less, depending on the number of stages. This non-linearity is coming from the shunt
capacitance of the diodes and also the capacity between the two lines of capacitors. Different
models for understanding the non-linearity are given in [117].
For providing the HV to cathode and field shapers, the non-linearity, as long as it is
understood, is not a problem. Because there is the possibility of having multiple stages
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Figure 5.27: The ArDM Greinacher HV circuit (blue capacitors) has a total of 210 stages with
a total of 1520 capacitors and 1260 diodes. It is mounted on a polyethylene plate hanging from
the top flange. The field shaping rings are plugged to the stage of the adequate voltage.

between two field shapers, the voltage for each of them can be taken by the stage that gives
the most adequate potential. Because of this non-linearity, the amount of stages between two
field shapers is not constant. For the ArDM Greinacher circuit described below, Table 6.1
gives the most adequate stage for each field shaping ring.
The ArDM Greinacher circuit
The Greinacher HV multiplier installed in ArDM has a total of 210 stages, which gives, with a
total of 30 field shaping rings and the cathode an average of 7 stages between two electrodes.
The first 170 stages consist of 4 parallel capacitors and for the last 40 stages it is reduced to
two, as can be seen in Figure 5.27. The multiplicity of capacitors gives a redundancy in case
of one of them breaking down. The reduction from four to two capacitors in series is done
to compensate for the non linear effects at upper stages. The capacitors are polypropylene
capacitors with a capacitance of 82 nF each.
The minimum amount of stages is given by the maximum high voltage possible over one
single capacitor. The polypropylene capacitors in use are rated up to 2 kV. This gives a
theoretical value of ∼ 210 × 2 kV = 420 kV for the cathode voltage and a drift field of almost
4 kV/cm. Actually, in liquid argon measurements show that also a potential difference of
2.5 kV over the capacitors is not causing any harm. Even though, to have 1 kV/cm is
sufficient for an effective drift of the electrons, and therefore, there is no risk of a breakdown
in the capacitors.
The diodes are in reality a row of three avalanche diodes in series for reducing the voltage
over each of them. They are from the type Philips BY505. Figure 5.28 shows the beginning
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Figure 5.28: The beginning of the ArDM Greinacher circuit. The picture was shot during the
installation and the wires for connecting the circuit to the AC voltage source are still loose. In
each plane, there are two stages, one on the left and the next on the right side. Each stage
consists of a charging and a storage capacitor where of each capacitor is built with four parallel
capacitors. The two capacitor blocks are connected with diodes according to Figure 5.26.

of the ArDM Greinacher circuit. In each plane there are two stages with 4 capacitors in
parallel and the 3 diodes in series. The picture was taken during installation and the wires
to connect them to the AC voltage source are still loose.
In total the ArDM Greinacher circuit consists of a total of 1520 capacitors and 1260
diodes. They are fixed on both sides of a polyethylene board hanging from the top flange.
To connect the field shaping rings there are plugs on the adequate stages. For the lowest
9 stages and the cathode, there is an additional damping resistor of 1 GΩ (max. 20 kV)
mounted between capacitor and field shaper. In case of a discharge between the rings it
prevents the immediate breakdown of the complete circuit and the high currents that would
flow in that case. This is important to prevent the diodes from getting harmed.
Changing the input voltage results in a linear change of the voltage of all field shapers
and the cathode. Once the field shapers are connected to the correct potential there is no
further adjustment needed during the run.
To be able to adjust the potential of the first field shaper to the potential of the charge
readout, an off-set voltage is applied to the input of the Greinacher circuit as shown in red
in Figure 5.26. For this purpose, instead of having ground on the beginning of the circuit a
well defined voltage is applied to it. This is applied by a DC power supply and the limiting
factor of this shifting voltage is the high voltage feedthrough powering it.
To prevent oscillations of the voltage, there are 4 capacitors in series for a maximum
shifting of ∼ 8 kV (consisting of 2 polypropylene capacitors in parallel) mounted. To equally
distribute the charge, avalanche diodes are installed in parallel to the capacitors.
Steering electronics
For operating the Greinacher HV multiplier a variable AC-voltage is needed. A special power
supply has been developed and for details, [78] is recommended. It is a box, mounted in a
standard NIM crate and controlled via a USB connection by a LabView program. It can be
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Figure 5.29: Graphical user interface of the LabView Greinacher Control. The driver is programmed with LabView and the given parameters are sent to the power supply by USB. Besides
the maximum input voltage Vpp , also the maximum ramp up time can be set. The waveform on
the right side of the viewer shows the actual current fed to the Greinacher circuit.

turned on and off, by a button on the actual power supply or over the USB connection form
the computer.
Figure 5.29 shows the Graphical User Interface (GUI) for controlling the power supply.
The needed input parameters are the final voltage and the ramp up time. Additionally there
is a button for turning on and off the high voltage.
The program is not only steering the box but also monitoring the voltage, and in a
display, the current as a waveform. Besides the LabView GUI, the power supply also has
analog outputs for monitoring the voltage and the current with an oscilloscope.
In case of a sudden discharge of the Greinacher circuit, the power supply is protected
against over current by an internal protection switch that opens when exceeding 10 mA.
The discharge system
The advantage of a Greinacher circuit is that, once charged, it basically keeps its voltage
and no recharging is needed. This, on the other hand puts some requirements on how to
discharge the system. The only way for a safe discharge is to connect the cathode to ground
through a large resistance. The resistor is needed to limit the current flowing at the time of
discharging, in order not to burn the diodes. The schematic of the discharge system is shown
in Figure 5.30.
A total resistance of 1.8 GΩ is connected to the top flange and to the discharge contact. By
touching the cathode the Greinacher circuit is discharged in a controlled way. The maximum
current, when discharging the theoretical maximum of 400 kV, never exceeds 0.2 mA.
Over a small resistor of 220 kΩ, at the end of the resistor chain, the discharge current and
therefore the voltage of the cathode can be measured. The measurement takes place with
a normal oscilloscope, set to a time constant of several seconds. For protecting it against
sudden high voltages, there are a surge arrestor and a Zener diode connected in parallel to
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Figure 5.30: Discharging the cathode and with it the
whole drift cage of ArDM is done with a direct contact
and a resistor of 1.8 GΩ connected to the top flange. For
reading the voltage of the cathode while discharging it,
a small measuring resistor of 220 kΩ is used.

Figure 5.31: CAD illustration of the ArDM discharge rod.

the measuring resistor.
Mechanically the discharge mechanism is mounted on a long polyethylene rod connected
to a rotary feedthrough on the top flange in order to operate it without having to open the
sealed volume. It is shown in Figure 5.31.
The rod is hanging from the top flange and is guided by a plastic tube mounted on the
protection grid below the cathode. The actual resistor is installed inside a second tube,
horizontally displaced by 150 mm by several holders, also made of polyethylene. Because
there are no rigid polyethylene tubes with several mm wall thickness available, the “tube”
was made of two bars with a groove in the middle. To reduce the amount of plastic the
corners are chamfered and so the complete resistor is housed in a hexagonal plastic sleeve.
The actual contact to the cathode is done with a stainless steel “egg”, a cylinder with
rounded corners to prevent high electric fields, shown in Figure 5.32. The whole system can
move in vertical direction to adjust for thermal contractions with the top flange as a fix point.
The commercial rotary feedthrough, shown in Figure 5.32, currently is operated manually
but there is the possibility to fix a stepper motor to it for an automatic operation.

5.2.6

Readout system

The signals, detected by the photomultipliers as well as from the charge readout, are routed
through vacuum tight signal feedthroughs to the preamplifiers, mounted in crates close to
the top flange. The signal feedthroughs are custom made. Basically, a CF blind flange has
been taken and the cables are routed through holes in it. To seal everything, a very liquid
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Figure 5.32: Details of the discharge system.
Left: the system is operated over a rotary feedthrough on the top flange. The rod is hanging
from the flange.
Right: the actual discharge contact is a egg-shaped stainless steel ball. To discharge the system
it is rotated and touches the cathode (lower picture).

epoxy resin has been poured around the cables on the outside of the flange while the flange
was mounted on a vacuum pump. The sub pressure sucked in the resin and also smallest
cracks were filled with it to give a permanent seal.
Light readout
The signals coming from the PMTs are processed with 2 VME based CAEN V1720 boards
(16 ADC channels) with a sampling speed of 250MS/s with 12bit and 1.25MS/Ch (up to
10MS/Ch available). They are coupled with a trigger logic for triggering directly with the
PMTs or externally for calibration reasons. This can be a pulse generator for the gain
calibration of the PMTs or, for the detector calibration an external gamma or neutron source.
For cosmic muons, scintillation counters are layer above the detector for triggering.
Because the light signal is a very short signal, a high time resolution is needed. On the
other hand, to read out all the signal of an event, from the initial trigger to the readout of
the secondary scintillation light, data have to be stored for a very long time and the data
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Figure 5.33: The storage raid can write with a constant event rate of ∼ 900 Hz, what corresponds
to ∼ 60 MB/s. The gaps are because one file is closed and the next one is created.

rate becomes huge. To transfer them to a 60 TB data storagei , optical fibers are used. The
frequency with which the events are written to the storage system is ∼ 900 Hz as shown in
Figure 5.33. The gaps are coming from the time needed to create a new file. Each event
consists of 16 channels with 2024 samples to 2 bites each. This gives a total data transfer
rate of ∼ 60 MB/s.
Charge readout
For reading out the charge a novel system has been developed in collaboration with CAENii .
One CAEN SY2791 crate can host up to 8 boards with 32 channels per board. The system
is scalable and several systems can run in parallel. The trigger is propagated between boards
and crates with a TT-link. Also the clock, distributed from a master board, is synchronized
with the other boards and crates via the TT-link connection.
On each board there are 16 preamplifier cards which host two channels each. The signal
digitization is done directly on the board and the digital signal is propagated to a computer
via an optical fiber.
Details about the charge data acquisition system are give, in the context of the 40×80 cm2
LEM-TPC, in [118].

i
ii

LaCie 12Big, scalable up to 60 TB
CAEN S.p.A., Via Vetraia 11, 55049 Viareggio, Italy
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Figure 5.34: Schematic view of the cryogenic installation of the ArDM detector. The actual
dewar is situated on the right side and all the cryogenic installations containing the re-condensing
and the purification of the argon are on the left side.

5.3

Cryogenic system

To operate a detector with a liquid nobel gas as target, some special equipment is needed.
The main goal is to keep the liquid gas cold all the time. Already a temperature change of
a few (tenth) degrees can cause the gas to boil. The increase of the volume by more than
a factor 200, causing an immediate pressure rise and therefore a risk for the vessel to burst.
Argon has a temperature range of of only ∼ 3.5 K where it is liquid. At 1 atm, the boiling
point is at 87.3 K and below 83.8 K it is solid.
For this reason, besides the actual cooling, also the control of a constant cooling is crucial.
To avoid cooling of the environment with a tremendous amount of power, the insulation of
the cryostat is an important factor and the total heat loss has to stay as low as possible.
For the case a parameter gets out of its allowed range, a safety system is needed. Different
parts are secured in different ways, as described in Section 5.3.9.
A schematic view of the cryogenic installation of ArDM is shown in Figure 5.34. The
dewar, hosting the detector can be seen on the right side. All cryogenic services, including
the purification cartridge and the liquid argon pump are situated on the left. On the top left,
above the cartridge the re-condenser unit, with the two cryocoolers, is situated. All these
parts are inside two separate vacuum insulations, one around the dewar (vacuum insulation
1 ) and the other for the cryogenic facilities (vacuum insulation 2 ).
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Figure 5.35: Between the liquid argon pump and the purification cartridge, there is a series
of valves for filling and emptying the detector. During normal operation the valves are inside a
small vacuum chamber, evacuated together with vacuum insulation 2.

As indicated by the different colors, there are two independent argon circuits. One containing the highly purified argon used as detector target (red) and a second circuit of argon
to cool the primary circuit (blue). The primary argon from the dewar is cleaned from electro
negative molecules in a purification cartridge as described in Chapter 4. It is pumped by a
bellows pump that is completely inside the vacuum insulation.
Besides the liquid purification circuit, also a gas purification system is installed. It is
indicated on top in Figure 5.34 and described in Section 4.3.
The recirculation of the primary liquid argon circuit is done by extracting the liquid
from the botton of the dewar, pressing it through the filter and then to re-inject it to the
detector volume from the top. The recirculation pump, maintaining the constant flow of
argon, is situated in the lowest position of the experiment. This gives the maximum net
positive suction head (NPSH) to press the liquid through the check valve into the pump
body (see Section 4.2). Shortly before the pump, there is a T-connection for the entry of the
re-condensed gas, in case the gas recirculation system is used.
Between pump and filter, the liquid argon has to pass through a valve, indicated in the
lower middle part of Figure 5.34. This configuration of valves (seen also in Figure 5.35) is
normally inside the vacuum insulation 2 and the central bypass valve is open to let the liquid
argon flow from the pump to the purification cartridge.
The other two valves (with the blue protection caps in Figure 5.35) are for filling, and for
emptying, the dewar. In case of their use, the volume around the valves is separated from
the vacuum insulation 2 and the vacuum is broken.
For filling the dewar, the bypass valve from the pump is closed and argon is fed in the
system. It first is pressed through the filter to be pure when entering the detector volume.
When the dewar is full, the input is closed and the bypass opened again.
For emptying the system, the bypass is closed and the other valve is opened. The argon
from the dewar now flows through the pump (check valves open automatically by the pressure
difference between the dewar and the atmosphere) and leaves the detector. By using the
pump, the emptying process can be speeded up.
The purification cartridge for the liquid argon is, as indicated in Figure 5.34, immersed
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in a bath of liquid argon for keeping it cold and to re-condense possible argon vapor. It will
be described in more details in Section 5.3.5.
For cooling the pure liquid argon from the detector, also liquid argon is used. It cools the
walls of the dewar down to its temperature and therefore also the argon inside. In the first
test runs this so called “bath” of argon was open to the atmosphere and evaporated due to
the heat absorption. An automatic refilling system refilled the bath, as soon as it went below
a certain level, with argon from a storage dewar outside the building.
This system consumed a big amount of liquid argon for cooling. Another disadvantage
was, that the bath was open to atmosphere. Its temperature and pressure are set by the
pressure of the laboratory and therefore the pressure of the dewar, by default, is above
atmospheric pressure. (The temperature of the argon in the dewar is slightly higher than the
one in the bath since the bath is cooling the pure argon.) Also the pressure in the dewar
varied depending on the level of the bath cooling the the dewar and the pressure variations
of the atmosphere.
To keep a more stable operation with a fixed level of argon on a precisely fixed temperature, the system has been remodeled and was equipped with two cryocoolers that re-condense
the argon vapor of the bath. Like that the temperature of the cooling argon can be set
below the boiling temperature of liquid argon at atmospheric pressure. Further details of the
condenser are described in Section 5.3.8.

5.3.1

The ArDM dewar

The main dewar of ArDM is a cryostat with a total height of ∼ 2 m and an inner diameter of
1 m. It has a total volume of ∼ 1.7 m3 . On top it is covered by a 4 cm thick top flange from
which the actual detector is hanging as described in Section 5.2. The detailed description of
the flange itself is given in Section 5.3.2. The bottom of the dewar is rounded with a sperical
end (DIN 28011 in German “Klöpperboden”). It is a shape, specially developed to withstand
large pressure differences. The dewar is shown in the technical drawing in Figure 5.36
The vessel consists of several independent volumes. Obviously, the biggest is the actual
pure argon volume with a diameter of 1 m. The next volume is the so called cooling jacket,
described in Section 5.3.3 and the outer most volume is the vacuum insulation (called vacuum
insulation 1 ). It surrounds all the other volumes and has a thickness of 25 mm. This gives
a total volume of ∼ 200 l. The volume not only surrounds the dewar but also part of the
access pipe for the liquid at the bottom of the vessel. Inside it, for preventing thermal losses
by radiation, there are 30 layers of highly reflecting Mylar foil, so called super insulation.
For pumping, a turbo pump with about 200 l/s is connected to the system. It is steered by
a PLC (Programmable Logic Controller) that is described in more details in Section 5.3.10.
The computer controls the pressure before and after the turbo pump and, in case the pressure
being out of the specifications, evacuation automatically stops and a gate valve separates the
vacuum insulation from the pumps.
The pressure of the vacuum insulation is controlled by a linear pressure sensor for the
range of 1 − 0.1 bar and a Pirani vacuum gauge for lower pressures. The vacuum gauge has
a lower threshold of 5 × 10−4 mbar. For high vacuum that would not be enough but for a
vacuum insulation it is sufficient.
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Figure 5.36: Cut through the ArDM dewar. Around the fiducial volume (red) there are two
cooling jackets (violet and blue). One for argon and the other one, initially for pressurized
nitrogen. Now they are coupled together and only sub-cooled argon is used for cooling. Around
everything there is a vacuum insulation with 30 layers of super insulating foils (orange). The
feedthroughs of the tubes to the vacuum insulation of the cryogenic services (dark orange) are
done with bellows to reduce the heat input.

5.3.2

The topflange

The top flange is the only part where the detector is in contact with the cryostat. As described
before, the detector is hanging from it, fixed to seven pillars. The stainless steel flange has a
diameter of 1120 mm and is 40 mm thick, leading to a total weight of ∼ 300 kg. It has several
chimneys of 30 cm height and different diameters.
The central chimney has a diameter of 20 cm (CF200) and is reserved for hanging the
charge readout system described in Section 5.2.4. Further, there are four chimneys with a
CF100 flange. One is used for the turbo pump, the others for signal feedthroughs. The five
CF40 flanges host the pressure sensors, the burst disk as also the discharge system for the
high voltage.
Figure 5.37 shows a picture of the installed top flange. It is bolted to the cryostat by 40
M16 screws. The maximum allowed overpressure of 0.5 bar creates a total force of 40′ 000 N,
pressing against the bolts. Considering, that one single screw can hold ∼ 30′ 000 N and the
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Figure 5.37: The top flange of ArDM is a steel disk of 4 cm thickness. It has several chimneys
for the needed interfaces between the detector and the outside. During operation the flange is
covered with about 25 cm of passive insulation.

number of them is more than sufficient. In case of vacuum the screws would not be needed.
The area of almost 0.8 m2 of the top flange and the vacuum create a force of 8 tons pressing
the flange and the dewar together.
For sealing the detector, there are two possibilities. For operation in warm, a Viton O-ring
and, when filled with liquid argon an indium seal is used. As shown in Figure 5.38, the dewar
flange has a notch for the Viton seal and a small groove for indium. Theoretically the groove
is made for an indium wire of 2 mm diameter, but practically it was seen, that this is not
enough and two additional wires of 1 mm diameter each have to be laid beside. The two ends
of the indium seal have to be crossed as shown in the left of Figure 5.38 for preventing a leak.
The top flange itself, the counter part to the dewar flange with the grooves, is completely flat
and the screws are pressing it against the seal.
From all the parts in contact with cryogenic liquid in ArDM, the top flange is the only
part that is not vacuum insulated. Instead, a passive insulation made of 40 mm of Armaflex®
are laid on it and around the chimneys. It has a heat conductance coefficient of less than
0.04 W/m ⋅ K.
For further insulation Perlite is used. It is a porous material made of volcanic stone. It
consists of almost powder like flakes and is commonly used to insulate large dewars in the
liquid natural gas industry. Because of its powder like shape, it has to be confined around
the top flange and also it should not be able to create a big dust in the lab. For the first
reason, the confinement, a collar is built around the dewar. It can be seen in Figure 5.37
and is made of a steel sheet of 75 cm height, reading 25 cm above the top flange. The total
diameter is 1.4 m.
Because of its powder like consistence, the Perlite is kept in sealed plastic bags of ∼ 1 − 2 l
each. They are piled up inside the collar and also on top of the Armaflex insulation so that
the collar is filled with them. This can be seen on the right picture of Figure 5.39. On the left,
a COMSOL simulation of the heat flux through the top flange, covered with Perlite, is shown.
For the simulation only the central chimney was assumed. The flange is set to a temperature
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Figure 5.38: If the dewar is cooled down, the top flange has to be sealed with indium.
Left: A 2 mm wire can be putted in the designated notch, terminated as shown.
Right: Two additional 1 mm wires have to be laid beside the 2 mm wire to assure a tight fitting.

of 150 K (the value measured in the last commissioning run) and there is a layer of 4 cm of
Armaflex on the flange. Else, the volume around the detector is filled with Perlite. The outer
surfaces are kept at room temperature. The total heat flux in this simplified configuration is
found to be 75 W.

5.3.3

The cooling jacket

As already seen in the schematic drawing of Figure 5.34 and in more detail, in Figure 5.36,
the dewar has several concentric volumes. The detector chamber is surrounded by two independent pockets for cooling the walls of the main volume. They are constructed as a dimple
jacket. The initial design of the engineering company was, to fill the more inner volume with
liquid argon and the outer volume with pressurized liquid nitrogen. The idea behind this
solution was to match the nitrogen temperature by adjusting its pressure slightly above the
freezing point of the argon and being able to create a temperature gradient without the use
of a cryocooler. This would have established a constant flux of heat from the “warmer” argon
to the nitrogen.
This idea was never tested with the ArDM vessel because the needed absolute nitrogen pressure of ∼ 2.85 bar, for matching the liquid argon temperature, has to be controlled
very well. A small change in the nitrogen pressure immediately gives a big change in its
temperature.
Also, for containers with more than 0.5 bar of overpressure, safety precautions are required
[119]. Volumes below that value are not considered as pressure vessels and certificates of the
welds and also the welders are sufficient. For pressure vessels each construction step has to
be monitored by an independent company appointed by the government. Also welds have to
be tested with X-ray and eddy current measurements.
A third complication coming from this idea is that all the cryogenic installations have to
be doubled, one for argon and one for nitrogen. This not only increases the overall cost, but
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Figure 5.39: Left: COMSOL simulation of the heat flux from the top flange to the outside.
For simplicity only the central chimney is taken into account. The simulated heat flux is ∼ 75 W
assuming a flange temperature of 150 K.
Right: The top flange during a commissioning run, covered with Perlite bags for reducing the
heat input.

also needs much more space, which for an under ground installation is not a negligible factor.
For these reasons the cooling has been remodeled. In the current setup the two cooling
jackets are connected together and build one single volume filled with liquid argon. That
argon then is, as described in Section 5.3.8, sub-cooled with cryo-coolers to a temperature
between the boiling and the freezing point of the argon in the detector.
Besides the simplification of the cryogenic setup, the advantage of this solution is the
possibility of a completely closed circuit without having any argon vapor escaping the system.
In fact sub-cooling comes with a reduced pressure and the system is below atmospheric
pressure what means the bath must be completely sealed.

5.3.4

The insulation of the cryogenic services

While the vacuum jacket around the dewar is a simple shell, surrounding the actual cold
surfaces with a well defined distance, it is a bit different for the cryogenic services.
The service part mainly consists of pipes guiding the pure and the cooling argon to and
from the detector vessel. There is no simple shape to insulate them and the easiest is to
build a shell around everything to contain all the tubes, the pump, the purification cartridge
as also the re-condenser in the same vacuum chamber. It has cylindrical shape, what can be
seen in Figure 5.1, with a total volume of ∼ 500 l and it is called vacuum insulation 2.
Because ArDM, as every other Dark Matter experiment, has to be shielded carefully
against neutrons, a neutron shield is installed all around the detector as described in Section 7.3. For reasons of radio purity (the less material there is inside the shield the better)
but also because of the cost it is preferred to have the services outside this shield. For that
reason there are horizontal tubes on top and bottom of the dewar connecting it to the actual
purification cartridge.
A look in one of the horizontal tubes is given in Figure 5.40. The picture was taken during
the installation of the system in the Canfranc underground laboratory. It shows the outer
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Figure 5.40: Vacuum insulation 2 of the ArDM setup during installation at the Canfranc
Laboratory. Inside the stainless steel vacuum housing, the cryogenic lines are installed. They
are insulated with super insulating foil (silvery shining foil, seen through the open flange). All
is encapsulated with a high density polyethylene block (PE1000) of 60 cm length for preventing
neutrons from entering the detector.

vacuum insulation tube with a diameter of 20 cm as also the small stainless steel tubes that
carry the argon. They have an inner diameter of 10 mm and an outer one of 12 mm. Further,
the super insulation foils can be seen wrapped around the tubes. Each tube is wrapped with
∼ 30 layers of it for reflecting the infrared radiation from the warm outer shell. Also very
prominent in the picture is the internal neutron shield. It is a cylinder of polyethylene and its
purpose is to block neutrons from reaching the dewar through the vacuum insulation. This
part has been installed the first time in Canfranc. For the commissioning runs at CERN no
special block for neutrons was needed because other backgrounds were dominating.
All the vacuum insulation of the cryogenic services can be dismounted for having access
to the argon lines. It is flanged together with standard vacuum parts of the ISO-K standard
and sealed with Viton O-rings. Figure 5.41 shows the service lines going to and coming
from the purification cartridge. These lines are connected using Swagelok VCR® full metal
couplings that are also tight at cryogenic temperatures. In addition the cables from the
different temperature probes on the tubes can be seen.
On the right of Figure 5.41 the closing of the outer shell around the purification cartridge
is shown. The steel shell is lowered over the cartridge with a crane. The inner wall of the
shell is lined with super insulation too.
The vacuum insulation is pumped with a 200 l/s turbo pump placed behind a pneumatically driven gate valve and backed up with a rotary vane pump. For measuring the pressure
a full range vacuum gauge is used.

5.3.5

The purification cartridge

The purification cartridge system is a cylinder filled with sintered copper, as described in
Section 4.1.2. It is housed in a concentric cylinder with about double the hight of the actual
cartridge, filled with sub-cooled liquid argon.
A cut through the ArDM cartridge can be seen in Figure 5.42. It is a cylindrical tube
with ∼ 18 l of sintered copper pellets. The liquid argon is filled in on top and diffuses through
the copper to leave the cartridge on the bottom. The volume containing the copper powder
is closed on top with a 5 mm thick sinter plate with 5 µm pores and at the bottom, because

5.3. CRYOGENIC SYSTEM

97

Figure 5.41: The cryogenic services with the tubes carrying the liquid argon are inside an
evacuated shell for insulating them against the warm laboratory atmosphere.
Left: The open vacuum insulation unveils the different tubes. The metal cylinder on top is the
housing of the purification cartridge. All lines are stainless steel tubes and bellows, connected
together with VCR connections. On the lower part of the picture the reflecting foil, the super
insulation, can be seen.
Right: Closing of the service part of the experiment with the outer shell which is a stainless steel
cylinder with a standard flange. It is sealed with a Viton O-ring.

of the additional weight of the copper, with two plates of 5 mm thickness each. The inner
with a pore size of 15 µm and the outer with 5 µm. These plates prevent the copper powder
from getting in the dewar.
The total volume of the cooling bath around the cartridge is ∼ 75 l. The actual cartridge
is placed in the lower half of the whole structure and always should be immersed in the
liquid. In the initial design the bath was evaporating while cooling down the pure argon and
constantly had to be refilled. For that reason a level meter is installed. It is coupled to an
electro-valve which opens if the level is below a certain threshold. In the current condition
this level meter is only needed for the initial filling and for safety. In normal conditions the
complete bath is filled and connected to the cryocoolers. The volume has on top an exit for
the argon vapor and on the side there is the input for new liquid argon.
Also there are exits on top and at the bottom of the volume for connecting the cooling
argon circuit to the cooling argon circuit of the dewar. With its relatively large volume of
liquid argon for cooling, it acts as a buffer of the cooling on the detector side.
Included in the system there is also a helical tube around the actual cartridge. It was
designed as an additional cooling circuit with liquid nitrogen, but never used in that function
because of the additional cryogenic installations needed to maintain it. Instead, it has been
re-routed to become part of the pure liquid argon circuit. It now is used as a condenser for
gaseous argon described in Section 4.3.
Because of the liquid argon bath, all the cartridge system will become cold and has to be
insulated thermally from the outer vacuum insulation shell. This is achieved by having the
system standing on three legs made of glass fiber tubes, as can be seen in the left picture of
Figure 5.41 as also in Figure 5.43. Each tube has a length of 47 cm, an outer diameter of
40 mm and a wall thickness of 4 mm. This gives, by an assumed heat transport of 0.3 W/mK

98

CHAPTER 5. THE ARDM EXPERIMENT

Connection to
cryocooler

Levelmeter

1427

Input gas argon
Copper

587

Condenser helix

Heater

Input LAr
Burstdisk

Exit LAr to Dewar
40
200
300

Figure 5.42: The purification cartridge of ArDM is a cylinder of ∼ 18 l of copper powder (red).
It is housed in a a bath of ∼ 75 l of liquid argon for cooling (blue). Also housed in the bath is a
helical condenser for re-condensing the argon vapor in case of the the use of the gas purification
system (pink). For controlling the level of the cooling bath, a capacitive level meter is installed
and the complete structure is connected to the condenser unit discussed in Section 5.3.8. In the
center, inside the copper filter a heater is placed to give the initial heat to start the regeneration
process.

[120] a total heat loss of only 0.17 W
The copper pellets make an exothermal reaction in contact with oxygen and they normally
are stored in an oxidized state and first have to be reduced before being used. This is done,
as described in Section 4.1.2 by flushing the system with hydrogen. Pure hydrogen is highly
explosive and a mixture of hydrogen and argon has to be used. The amount of hydrogen then
defines the speed with which the regeneration takes place. A faster reduction means therefore
also more heat. The temperature must not become too high because of the danger of changing
the surface structure of the pellets. Even copper melts above 1000 ○ C the temperature was
kept below 180 ○ C because the temperature measurement only was possible in an indirect
way by measuring the temperature of the exhaust gas. So locally, where the reaction takes
place it is presumably higher. To start the regeneration the copper has to be warmed up.
For this a heater is installed inside the copper cartridge. It is kept at 150○ C during all the
regeneration.
The first time, the regeneration was done in-situ in the experiment at CERN. The second
time we regenerated at the laboratory of ETH at Hönggerberg, before the experiment was
moved to Canfranc. As shown in Figure 5.43, the cartridge system can be dismounted from
the experiment for the transport. For a convenient moving of it, a special holder on wheels
has been built. It has fixation holes so that the cartridge is standing vertically on its three
legs. To prevent vibrations during the transport there is a wood board in the upper most
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Figure 5.43: The purification cartridge can easily be dismounted and for a convenient transport
a special holder has been constructed. The central picture shows the cartridge ready for the
transport from CERN to ETH for the regeneration, and the right one shows the arrival of the
cartridge in the underground laboratory of Canfranc.

part that keeps everything in place. The size of the trolley has the same size a standard
palette and can easily be lifted by a fork lifter. The complete structure also can be handled
by the crane as seen in the right picture of Figure 5.43.

5.3.6

The liquid argon pump

To force the liquid argon through the purification cartridge, a circulation has to be created.
It is established by a liquid argon pump using the concept of the bellow pump, discussed in
Section 4.2.2. As indicated in Figure 5.1, the pump sits below the cartridge. It presses the
argon to the top of the filter and then flows down by gravity through it (See Figure 5.42).
The pump itself has a volume of 30 cm3 . It consists of a steel membrane bellow with a
maximum expansion of ∼ 50 mm. This is only about 1/3 of the maximum possible expansion/contraction, in order to extend its lifetime. Normally the guaranteed number of cycles
of membrane bellows is ∼ 10′ 000 cycles with the maximum elongation. Decreasing the elongation extends the lifetime to an estimated time of a few years. No precise number was given
by the manufacturer of the pump.
Figure 5.44 shows the technical drawing of the used pump. The working fluid is entering
the pump volume (red) through a lift check valve of the Swagelok 50 Series on the expansion
of the bellow. On contraction, it leaves the pump through a second valve of the same type.
To move the bellow, a piston is attached to it, driven by a pneumatic system. It is made
of glass fiber material to keep the heat input low. The actual pump is fixed to a vacuum
flange and also here a glass fiber tube is used. To reduce the heat input even more, and also
to be able to evacuate everything, holes are drilled in it, as can be seen in Figure 5.45.
Because of the cold liquid handled by the pump, it has to be operated inside the vacuum
insulation and the heat input has to be negligibly small. If not, the liquid inside the pump
volume evaporates, and as soon as there is some gas, cavitation occurs and the pump is no
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Figure 5.44: Technical drawing of the used liquid argon pump. The working fluid (pure liquid
argon in our case) is flowing through a check valve in an extendable volume (red) and is pressed
out of it again through a second check valve. The pump is sealed with a second bellow against
the atmosphere (blue).

longer working. For this reason it is mounted on a vacuum flange with a second membrane
bellow to seal the needed piston from the atmosphere (blue). The driver of the system
is outside the insulation, in the normal atmosphere. It is a pneumatic system driven by
compressed air. The time for the expansion and contraction of the pump volume can be set
independently by the control system of the detector in steps of 200 ms. A typical operation
time are t↑ ≈ t↓ ≈ 1 − 3 s. A detailed analysis is presented in Section 6.2.
Because the heat input is the crucial restriction to the working of the pump, it is reduced
as much as possible by the glass fiber material. Even more a cold shield was constructed
around the housing of the pump and can be seen in the picture of the actual pump in
Figure 5.45. It is a copper spiral and liquid nitrogen can be flushed through it. Like that the
pump volume is insulated from thermal radiation of warm surfaces.

5.3.7

Argon gas purification

In the cold liquid argon a large fraction of the impurities are frozen out. Their concentration
in the warmer part, in the gas, is much higher. For this reason it is necessary to have the
possibility to also purify the gaseous argon above the liquid.
This is less challenging than the purification of the liquid but, because of the much smaller
density, also less efficient. For getting competitive a large pump is needed.
The procedure, as reported in Section 4.3, is to extract the cold gas form the detector and
to warm it up to a temperature at which the pump and the other equipment is rated (> 0 ○ C).
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Figure 5.45: Left: The liquid argon pump after it was dismounted. It is fixed to a standard
vacuum flange and on top the input and output valves can be seen. Around the glass fiber
structure there is a copper spiral. It is, when flushed with liquid nitrogen, a thermal shield in
order to prevent a warming up of the pump by radiation.
Right: The mounted pump below the cartridge system. It is completely inside the vacuum
insulation and only the pneumatic driver is outside. It is driven by compressed air through the
two plastic tubes. Also visible are the two connections for connecting the cold shield to a liquid
nitrogen line.

Cartridge

Dewar

F

T

Pump

P

T

P

T
Condenser

P

Figure 5.46: The gas recirculation system of ArDM consists of a double membrane pump, a
cartridge and a condenser to re-liquify the argon vapor. There are pressure sensors (blue), a flow
meter (red) and temperature probes (green) mounted as indicated.

Then, after passing the pump, it is pressed through a cartridge where it gets purified. The
pure gas is re-condensed and fed back into the detector from the bottom.
A schematic view, including the instrumentation consisting of temperature probes, pressure probes and a flow meter, can be seen in the general schematic of the cryogenic setup in
Figures 5.34 and 5.46. The probes are positioned in front of the pump, between pump and
cartridge and after the cartridge. This allows to estimate the pump speed by looking at the
pressure difference over the pump as also the impedance of the cartridge. The flow meter,
also situated in front of the pump is not only measuring the flux, but is also used to regulate
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Figure 5.47: Rendered model and a real picture of the ArDM gas recirculation. The gas is
sucked from the detector , warmed up to room temperature (not in picture) and pressed through
a purification cartridge back into the ArDM system, where it is re-condensed.

the gas flow.
For the initial evacuation of the whole setup, there are bypasses over the pump as also
over the cartridge. In normal operation they are closed.
A CAD drawing, including all the components, as also a picture of the installed system,
can be seen in Figure 5.47.
The gas is first heated up with three independently controlled heating bands around
a stainless steel bellow. The temperature of the heating bands is set to 10 ○ C, controlled
by independent controllers, specially developed for controlling heating bands. Temperature
probes are pressed to the tube underneath the heating bands. In total, there is the possibility
to feed up to ∼ 2 kW of heat to the gas.
The heater is consisting of several layers. While in the center a stainless steel bellows is
hosting the gas, there are the heating bands wound around. They are wrapped with aluminum
foil and around everything, there is an insulating layer of 20 mm of Armaflex® insulation as
shown in Figure 5.48. The heated gas has a temperature above 0 ○ C and is warm enough,
not to harm the flow meter and the pump.
The pump is a double membrane pump with a flow of 200 slpm (standard liter per minute)
in case of a negligible pressure difference before and after the pumpi . The flux is reduced in
case of overpressure after the pump and also in case of sub-pressure before the pump, which
means that not enough gas is delivered to the pump.
The gas is getting purified in a commercial purification cartridgeii . It has a total length
of 702 mm and a diameter of 152 mm. On both sides it is closed with a Swagelok VCR
valve and the maximum rated flux is 1000 slpm. For normal operation, the nominal flux is
200 slpm. It removes water, oxygen as also CO2 and other organic impurities. The exact
composition/mixture of the filter is not known and a secret of the company.
To re-condense the purified gas, it is guided through a stainless steel helix wound around
the liquid argon cartridge in the liquid argon bath, as discussed in Section 5.3.5. The helix
has a total length of ∼ 10 m and a tube cross section of 10 mm inner and 12 mm outer
i
ii

Typ N 0150.1.2 AN.12 E; KNF Neuberger AG, CH-8362 Balterswil, Switzerland
MicroTorr MC4500; SAES Pure Gas, Inc., San Luis Obispo, California, USA
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Figure 5.48: The argon gas is warmed with heating bands, wrapped around a stainless steel
bellows. Under the bands temperature probes are installed. All is insulated with aluminum foil
and Armaflex foam.

®

diameter. The warm gas flows from the top to the bottom, so that the condensed argon on
the cold walls flows down by gravity. A description of the condensation mechanism is given
in Section 4.3.

5.3.8

The condenser

To keep the argon cold, a cooling mechanism is needed. The argon absorbs heat from surfaces
and evaporates. The latent heat of liquid argon at the boiling point at 1 atm is 161 kJ/kg.
Because of the large amount of energy needed to evaporate the argon, this is the most effective
way of cooling the detector.
In the initial design the idea was to keep the detector in an open bath of liquid argon,
where the bath argon would evaporate and cool the (closed) detector volume. As shown in
Figure 5.42 a level meter measured the level of the argon bath and, when below a certain
threshold, refills the cooling bath. The pure liquid argon in the detector is slightly warmer
than the argon bath evaporating to the atmosphere, causing an overpressure to atmosphere
in the dewar. Because of the pressure regulation norms the detector volume must be kept
below 0.5 bar of overpressure, and it becomes difficult to safely operate the system. Also, the
operation of an open bath transmits pressure variations of the atmosphere to the dewar due
to the change of the argon boiling point.
These reasons, as also the problem of having liquid to evaporate in a closed room like
the cavern where ArDM will be installed, lead to a change of the cooling method. The
principle of evaporating the argon is kept but instead of letting the vapor to the atmosphere
it is re-condensed with two cryocoolers with a total cooling power of 600 W at 80 K. The
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Figure 5.49: Cut through the condenser vessel. The two cold heads with attached heat sinks are
mounted on the top flange. The rest of the vessel, including the tubes from and to the cryogenic
system of ArDM are vacuum insulated (blue). The gas argon enters from top (light red) and
condenses on the heat sink. The liquid drips down and flows back to the system (dark red).

coolers are Gifford-McMahon cryo-refrigerators operated with pressurized helium gasi . From
a compressor it is pressurized and in a cold head the pressure is reduced and according to
the thermodynamic laws the temperature drops. A description of the working principle is
given in [105]. The total power consumption in steady state is 7 kW per cold head what
gives an overall efficiency of 4.3% (where the Carnot efficiency is ∼ 70%). For cooling of the
refrigerators we chose air. An other, more efficient way would be water cooling but for that
a constant flow of water and therefore an other installation of tubes is needed.
To have an efficient heat exchange and therefore an efficient condensation of the argon,
an aluminum heat sink with ripples is screwed to to the flat cold head. The thermal contact
is ensured by the use of a special, heat conducting grease (Apiezon® N).
The drawing in Figure 5.49 shows a cut through the condenser vessel. The two cold heads
are mounted on an indium sealed stainless steel flange. It needs no additional insulation
because the argon gas inside the vessel undergoes a strong stratification. The rest of the
vessel and the connection tubes coming and going, from and to the system respectively, are
vacuum insulated.
The evaporated argon from the system is fed into the condenser vessel from the top of the
regeneration cartridge system, described in Section 5.3.5 (light red color in Figure 5.49). On
the fin of the heat sinks it condenses and drips to the bottom of the condenser from where it
is guided back to the bath around the cartridge (dark red).
The system is monitored by four high precision temperature sensors. One on the bottom
of the vessel to check that there is liquid, one in the center of the vessel below the heat sinks
to monitor the gas temperature and one on each heat sink.
i

AL300 Cryorefigerator; Cryomech Inc., Syracuse, USA
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Figure 5.50: For securing the detector volume, a burst disk is installed. It is mounted on a
standard CF flange and has a defined rupture pressure of 0.66 − 0.8 bar overpressure.

Cryocoolers generally cannot be regulated in temperature. They have a certain cooling
power at a certain temperature and they cool down until the equilibrium point between cooling power and heat input is reached. In our case the actual cooling power of the cryocoolers
is more than needed and even freezing the argon is possible. To regulate the temperature,
therefore, the cooling power has to be reduced. This is done by actively heat the cold heads
and therefore increase the total heat input. To regulate the temperature a proportionalintegral-derivative controller (PID) is used. It is steered by the ArDM control system and
described in [121].

5.3.9

Safety

Operating a total of ∼ 2 m3 of liquid argon is not completely harmless. The biggest worry is
to lose the insulation vacuums around the dewar and around the cryogenic services.
Generally it can be said that in case of a sudden vacuum breakdown the turbo pumps
probably are damaged. They are spinning with 1000 Hz and in case of a big amount of gas
(in the order of 0.1 − 1 mbar) the gas molecules would be accelerated so much in the pump
that they back-scatter from the back wall of the pump. The back flowing gas then, in the
simplest case, just stops and breaks the bearing, but more probable also breaks several blades
of the rotor. In either way, the pump would be destroyed. This causes the insulation volume
to be filled with air and a thermal bridge is created, causing the liquid argon to evaporate.
For preventing a major disaster, the vessel has to be protected against overpressure. The
most common solution would be an overpressure valve, but because of the small differential
pressure of a maximum of 0.5 bar, overpressure valves need a very weak spring and generally
they are not tight. For assuring absolute tightness to the detector volume, a burst disk is
installed instead. It is a metal membrane, designed to break at a well defined pressure.
The burst disk modeli used in ArDM is shown in Figure 5.50. It is a full metal stainless
steel rupture disk with an area of 1027 mm2 and a certified breaking overpressure of 0.66 −
i

FIKE P/N: A9109-1; Fike Corporation, Blue Springs, Missouri, USA
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Figure 5.51: The vacuum insulations are protected against overpressure by a loose blind flange.
It is pressed tight by the vacuum inside and in case of a pressure rise, it opens. The mesh only
is to prevent it from falling down in case it opens.The pressure sensor that monitors the pressure
inside the vacuum insulation is also shown. Theoretically, it is only necessary during pumping.
For lower pressures a vacuum sensor is used.

0.8 bar. It is mounted on a normal CF63 flange with a copper gasket. On the outside there
is again the possibility to install an other tube to guide the possible exhaust gases to a save
place.
In addition for securing the cryogenic lines in places where there is possibly liquid trapped
between valves, rupture disks from Schlesinger i are used. They are rated to an overpressure
of 3.5 bar. The higher pressure can be accepted because there are only tubes and no volumes
secured with them. They are fixed with a standard Swagelok 1” VCR couplings.
In case of a leak between the insulation vacuum and the liquid argon bath, the insulation
volume can also get overpressure from the evaporating argon, and hence, has to be secured.
Because there is no need of an absolutely tight volume (leak rates below 10−9 mbar l/s) the
safety dispositive can be simplified. Instead of burst disks, loose KF40 blind flanges (without
being clamped) are used, as shown in Figure 5.51. They are sealed with a Viton O-ring and
in case of vacuum the pressure difference presses them to the volume. In case of overpressure,
there is nothing that holds them, and they release the gas. The used KF40 flanges have a
weight of ∼ 90 g and a diameter of 40 mm. This leads to an opening with an overpressure of
∼ 10 mbar.

5.3.10

The ArDM slow control system

Mechanical safety systems, like burst disks, are only the ultimate measure to prevent a bigger
catastrophe. Potential problems have to be recognized and reactions have to start before an
accident happens. For this reason, a slow control system is installed. It records temperatures
and pressures in different parts of the detector. In total, more than 46 temperature sensors,
6 vacuum sensors and 8 pressure sensors are installed. To control the argon level in the bath
and in the dewar, capacitive level meters are used.
In a first stage, all these sensors were just read out and the values were stored in a data
i

Typ U35n3,5-03L; Schlesinger GmbH, 58579 Schalksmühle, Germany
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Figure 5.52: The slow control system, installed in 7 standard racks. The actual PLC is situated
in two racks. Two more are for interfaces, like pump drivers or sensor displays. One is for the
high voltage of the PMTs, one for the control monitor and the last one is hosting several PCs
and data storages for the data acquisition.

base. The slow control system consisted of two custom made boxes, one for temperature
probes and the other one for pressure probes and the capacity measurement of the level
meters. These boxes were mounted in a standard NIM crate for power and the signals were
transmitted to a computer by USB. The readout software was a LabVIEW program and the
data were stored in an SQL database to be accessed through a web browser.
The only active device in this first configuration was an electro-valve, steered by a level
meter. It was a commercial solution consisting of a level meter and a driver box. Upper and
lower limits were set manually and according to them, the valve opened or closed. It was
used for the automatic refill of the argon bath.
For underground operation it is not sufficient to just monitor and record the values but
the system has to be able to control the setup and to react in case of problems. For this
reason the home made system has been replaced by a professional programmable logic control
system (PLC) as seen in Figure 5.52. The complete control system is installed in 7 standard
racks near the experiment. All the power lines to the experiment pass through it and all
sensor cables are routed back to it.
While the actual PLC is shown in Figure 5.53, most space is used for the relais that
control the sensors and the converters that convert the input signals to a current, readable
by the PLC. Also part of the system is a communication rack. It has a computer with a
screen and a keyboard for giving commands to the PLC. The computer and the actual PLC
are connected by ethernet. The two outer most racks have nothing to do with the control
system. The one on the left side contains the high voltage for the PMTs and the charge read
out, and the one on the right side contains the DAQ system consisting of three computers
and a storage system.
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Figure 5.53: The actual PLC is only using a small part or the rack space. As seen it consists
of different cards having different tasks. They are stored in two neighboring racks.

The PLC takes decisions according to predefined processes. For example the vacuum
pumps are controlled by a process that only opens the valves if the differential pressure
falls below a certain threshold and it only turns on the turbo pumps, when the pressure in
the vessel drops below 2 mbar. In total, there are several processes related to the vacuum
operation
Evacuation: The gate valve between the turbo pump and the dewar opens automatically
and also the interlock valve between turbo and pre-pump is opened. The pre-pump now
starts to pump the volume, monitored with a pressure sensor. At values below 100 mbar the
sensor automatically is changed and a vacuum gauge is used. At 2 mbar the turbo pump
starts to ramp up.
Control during operation: The PLC controls the pressure and, in case of a sudden
increase of the pressure, it first sends a warning e-mail around. If the pressure rises more in
regions where it becomes dangerous for the turbo pump, the gate valve automatically closes
and the pumps are stopped in a safe way.
Stop of the vacuum pumping: The valves are closed automatically and the pumps are
stopped. After the turbo pump has decelerated to 40 % of its initial rotational speed, it is
vented automatically.
There are more processes similar to the above described, for example for the case of a
power cut. A precise description of the processes, including all the steps is given in [121].
Also the control of the refrigeration is done by the PLC; it powers the two compressors and
controls the heaters to regulate the temperature of the argon, as described in Section 5.3.8.
A PID controller adjusts the total cooling power, so that the temperature and therefore the
pressure in the system stays constant.
In case of a power loss, there are uninterruptible power supplies (UPS) part of the system.
These batteries bridge the time until the diesel generators of the laboratory are turned on.
In total they can maintain the system for ∼ 15 min, whereby the pumps are ramped down to
save the power for the computers.
To interact with the PLC, a software called PVSS is used. It has a graphical interface
to set values or give commands to the system. Also, there are monitors included to see the
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behavior of the variables over time. This software is running on the computer, installed in
the rack and from outside it can be accessed by a simple remote desktop connection.
For normal operation there is no need to seed any commands, but only to monitor. This
can be done similar to the system without the PLC, over a web site.

5.4

The 40 × 80 cm2 LEM TPC

umbrella

charge readout
discharge system
field cage
cathode
PMTs

Figure 5.54: CAD drawing and picture of the 40 × 80 cm2 LEM TPC hanging from the top
flange in the ArDM cryostat.

The dewar and the cryogenic facilities of ArDM were also suitable to test a new charge
readout system. For this reason a new TPC chamber has been built and has been tested in
2011 [78, 91].
The so called 40×80 cm2 LEM TPC, shown in Figure 5.54, is a detector fully constructed of
glass epoxy material. It is a box of ∼ 190 l with dimensions 400 × 760 × 600 mm3 (W × L × H).
All walls are PCB-boards, copper plated for the field shaping rings. The field shapers have a
width of 18 mm and a total pitch of 20 mm. This gives a total of 30 field shaping rings. The
high voltage for them is provided by a 30 stage Greinacher HV-multiplier, directly mounted
on the outside of one of the side walls.
The readout consists of two extraction grids, a LEM charge multiplier and a 2D projective
anode. The anode is produced with several layers of copper plated Kapton foil and it is
designed to collect an equal amount of charge on both views. The principle first was published
in [35].
The advantage to previous readout systems (1 readout direction on the anode and the
other one on the upper most side of the LEM) is that the copper planes of both views are
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on equal potential. Because of that, the charge sharing between the two views only depends
on the geometry of the the readout strips and not on the electric transfer field between LEM
and anode. In total 256 channels per view are read out.
The electrons are multiplied with a LEM of 1 mm thickness and an electric field of
∼ 30 kV/cm between the plates. In the test run, a total gain of ∼ 10 has been reached for the
double phase operation. Because of the big capacitance between two 760 × 400 mm2 copper
surfaces, the LEM is segmented in eight equally sized areas. In case of a discharge through
a LEM hole not all the plane is discharged, but only one segment.
Contrary to the extraction grids of ArDM (see Section 5.2.4), this detector has a mesh.
It is a 150 µm thick metal foil with holes etched out. This way a thin mesh of 3 mm pitch
with a wire diameter of 150 µm is created. The advantage is that by photolithography much
preciser structures can be created than by soldering single wires. The disadvantage is that
because the whole mesh is basically one single foil, it is difficult to tension it to be uniformly
planar.
The readout is triggered by two 3” photomultipliers situated below the cathode. As part
of the research for a better coating of the PMT windows, they have different coatings. One has
TPB, embedded in a polymer matrix and the other one diphenyloxazole (PPO), embedded in
a similar matrix, as a wavelength shifter. In this test they were used only to trigger the TPC
and for monitoring the purity. For a pulse shape analysis or S1/S2 ratio measurements, the
chamber was not optimized, i.e., there was no reflector nor was there a maximum coverage
of PMTs.
Initially this detector was planned to be moved tot the K1.1BR beam line of the J-PARC
slow extraction facility [122]. Because of the completely new design of the charge readout,
we decided to first test test the functionality at CERN and also calibrate and quantify the
system. For this purpose cosmic rays are sufficient and no beam is needed.
CERN was chosen for the test because of the existing ArDM cryostat. It has all the
services and functionality and, we know how to operate it very well. While in Japan it is
planned to have the detector sitting on the floor of a cryostat, it is much more convenient to
hang it from the top flange for the ArDM system. Hanging on an “umbrella”, similar to the
one of ArDM (Section 5.2.4), it is situated in the middle of the dewar. The liquid level is
fixed at 825 mm from the top flange, as can be seen in the technical drawing of Figure 5.55.
This gives a total of ∼ 940 l.
In Figure 5.55 the distance of the temperature probes from the top flange can be seen.
They are important to detect the level of the liquid. The gas above the liquid stratifies
and the probes show a temperature greater than the temperature of the liquid. Also the
temperature fluctuates from turbulences in the gas. A soon as they are immersed in liquid,
the temperature drops to the liquid argon temperature and becomes stable.
For the precise positioning of the liquid between the two extraction grids, additional level
meters, similar to the ones described in Section 5.2.4 were installed.
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Figure 5.55: Position of the 40 × 80 cm2 LEM TPC with respect to the cryostat. The red
lines are the distances of the temperature probes with respect to the top flange. The horizontal
distribution of them is only for illustration. In reality they are hanging on one single flat band
cable.
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Chapter 6

Commissioning at CERN
6.1

The ArDM high voltage system

The ArDM high voltage system is a Greinacher High Voltage Multiplier, attached to the
drift cage, as already described in Section 5.2.5. First tests were done under laboratory
conditions in air at room temperature and atmospheric pressure. The results of these tests
were compared to two different models, which describe the behavior of the system. Details
can be found in [117].
Before operating the ArDM device in liquid argon, a smaller prototype of ten stages was
built and tested in the liquid argon. It is referred as 10-stage system. The tests confirmed
Equation (5.3), but the straight line has a constant offset of 0.65 kV. The modified equation
for ten stages is
∣V10 ∣ = 10 ⋅ (∣Vpp ∣ − 65 V) ,
(6.1)
where ∣V10 ∣ is the absolute value of the high voltage after the last stage and Vpp the peak to
peak AC input voltage. The offset effects are presumably due to the higher voltage threshold
of the diodes in cold. A precise description can be found in [117].
It has to be noted that in air, a maximum voltage of 10 kV after multiplication is an
upper limit for safety reasons. In liquid argon the limiting factor is the maximum voltage
allowed over the capacitors. A maximum voltage of ∣V10 ∣ ≈ 25 kV has been reached. This
corresponds to 2.5 kV over each capacitor and actually is above the rated value of 2 kV. This
shows that due to the excellent dielectric properties of liquid argon the risk of a spark over
a capacitor, or a diode, can be reduced.

6.1.1

High voltage measurement methods

Because of the working principle of Greinacher HV multipliers, the measurement of the
voltage is not trivial. In multimeters a small current flows through a resistor and is converted
into a voltage. For Greinacher systems this is almost impossible because the current would
constantly discharge the capacitors and the maximum voltage would never be reached.
The possibility of using very high ohmic resistors to measure the voltage is discussed
in [117]. The needed resistance would be in the order of 1014 Ω. The only moment, when
the voltage can be measured in this conventional way is the moment of the discharge of the
complete setup and will be discussed below.
A different concept, without involving the movement of charge has to be used. In practice
that means that, instead of the voltage the electric field is measured. To do so, a device called
113
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HV

)½IPH

Figure 6.1: The concept of a field mill is that an electrode is periodically exposed to a perpendicular electric field by a rotor. The field therefore induces periodically charge in the electrode.
This is converted to a voltage proportional to the electric field strength. The used field mill is
mounted on a long plexiglass rod for insulation. It has a wire with a hook for attaching it to the
field shaping electrodes and it is shown in the picture on the right side.

field mill is used.
The field mill
A field mill measures electric fields virtually without moving charge from the electrode that
is measured. The basic principle is that an electric field is produced between two electrodes.
Now the lower electrode (at ground) is periodically exposed to and shielded form the electric
field with a rotor. This induces charge proportionally to the electric field field and therefore
proportional to the voltage on the electrode, connected to the high voltage. The periodic
covering is done by a rotor as shown in Figure 6.1. A precise description of the device can
be found in [123].
The field mill used in the ArDM experiment is mounted on a 1 m long, insulating plexiglass
tube and shown in the right picture of Figure 6.1. For contacting the field shaping electrodes
or even the capacitors of the Greinacher circuit, a wire with a hook is attached to the charged
electrode. The motor is powered with a DC voltage between ∼ 1 V and ∼ 3 V where the
frequency of the rotor depends linearly on the voltage according to the following equation:
f [Hz] = 7.47 ⋅ Vmotor [V] − 3.53

(6.2)

The oscillating signal with the amplitude proportional to the electric field intensity, is
converted into a DC voltage in a custom made box. It is read out with a multimeter. The
output signal is calibrated using a DC HV power supply up to 2 kV.
Figure 6.2 shows the calibration curve of the field mill. The DC output voltage is linearly
increasing as a function of the high voltage to be measured. The rotor is driven by a 2 VDC
power source and the calibration function is:

.

VF ieldmill [mV] = (0.0721 ⋅ VHV [V] + 0.0289) ± 5

(6.3)
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Figure 6.2: The field mill is calibrated with a known input high voltage and a linear output
signal according to Equation (6.3). The calibration is done with the field mill rotor powered with
2 V.

The discharge rod
Because the field mill only can be used when there is access to the cathode, there must be
another way to measure the voltage when operating the detector inside the closed dewar. For
that a destructive method is used. The voltage is measured at the moment of discharging
the Greinacher circuit. Since the charge is stored by capacitors and the discharge is done
through a large resistor as shown in Section 5.2.5, an exponential decay U = U0 ⋅ e−t/τ with
a life time of τ = R ⋅ C is expected. Extrapolating back the curve to the moment when the
contact touched the cathode, gives the cathode voltage before being discharged.
As described in Section 5.2.5, the big resistor of the discharging rod is followed by a small
resistor over which the voltage is measured. Taking the resistance of the system as indicated
in Figure 5.30, the conversion factor which the oscilloscope is reading, to the actual voltage
of the cathode, is precisely 0.1 .



Vmeasured = 0.0001 ⋅ VHV

(6.4)

To estimate the total capacitance, the diodes can be neglected and the system is simplified
according to Figure 6.3. The row of the charging capacitors and the other row of the storage
capacitors can be looked at as two identical capacitors Crow that are parallel to each other
(blue). Each of the rows again is built up of two capacitors in series C1 and C2 , whereby
4
2
C1 = 170
⋅ C for the first 170 stages and C2 = 40
⋅ C for the 40 stages at higher voltages (red).
The capacity C = 82 nF is the capacity of a single capacitor.
For the complete circuit, the overall capacity Ctotal (green) is given by
4
C = 2.624 nF
125
With a discharge resistance of 1.8 GΩ it results in a decay time of
Ctotal =

τ = RC = 1.8 GΩ ⋅ 2.62 nF = 4.72 s

(6.5)

(6.6)

Because of the diodes between the charging and storage capacitors, this simple model
only is true in a first approximation. Figure 6.4 shows, that in air the decay time is in good
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Figure 6.3: In a first approximation the total capacity of the Greinacher circuit can be assumed
as a collection of capacitors while the diodes are neglected. Everything is built up with equal
capacities C = 82 nF. The total capacitance of the circuit is 2.62 nF.
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Figure 6.4: Discharge of the ArDM high
voltage when operated at room temperature in air, fitted with an exponential function. The reason for the 2nd , slower, exponential decay is the difference in the capacity for different stages.
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Figure 6.5: Discharge of the high voltage
in liquid argon. The longer discharge time
presumably comes from the capacitance
between detector and dewar wall and from
the increased capacitance due to thermal
influences. To be noted is the different
scale compared to Figure 6.4.

agreement with the model, but after ∼ 3 s there is a change in the slope and a slower decay
time of τ = 8.46 ± 0.04 s is measured.
Because of the different amount of charge stored in the capacitors of the first 170 stages
(C1 = 4C) compared to the capacitors C2 = 2C at the upper end of the circuit, the charge
that has to flow is also different. In fact in the beginning all capacitors equally participate
in the discharge and the decay time from Equation (6.6) is valid. After about 3 s the upper
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Figure 6.6: The high voltage output VHV [kV] of the Greinacher circuit as a function of the
input voltage Vpp [V] for air (blue) as also in liquid argon (red). As seen in the zoomed plot on
the left, the charging up slope does almost not change between air and liquid argon, but there is
a threshold of Vpp ≈ 50 V for the operation in liquid argon.

40 stages are depleted and the charge flows from the lower stages through the diodes to the
cathode.
A second, minor effect is that, because of the non-linearity of the diodes, not all capacitors
hold the same amount of charge. In fact the higher the stage the less is the voltage difference
over the capacitors. Therefore the capacitors start to be depleted from the cathode down.
The decay time measurement in liquid argon is longer than predicted by the model and
shown in Figure 6.5. The behavior is not yet completely understood and is difficult to be
simulated. One cause might be a temperature dependency of the capacitors. Also there is
an additional capacity from the field shaping rings with the dewar wall.

6.1.2

Charge up of the Greinacher HV generator

To charge up the ArDM Greinacher HV-multiplier, an alternating current with 50 Hz is used.
The reachable high voltage depends on the input peak to peak voltage Vpp . Figure 6.6 shows
the output voltage for a given AC-input voltage measured for the operation in air as also
in liquid argon. In air, the high voltage was measured with the field mill connected to the
cathode, and for the operation in liquid, the method with the discharge rod was used.
In both cases a linear behavior can be seen with a slightly different slope.
VHV [V] = 165.7 ⋅ (Vpp [V] − 0.4 V)
VHV [V] = 168.6 ⋅ (Vpp [V] − 56.1 V)

for air

(6.7)

for liquid argon

(6.8)

The offset of ∼ 50 Vpp for the operation in liquid argon is coming from the temperature
dependency of the diodes. At lower temperatures their threshold voltage is increased, as
already reported in the beginning of the chapter for the 10-stage system.
An other important difference between the operation in air and in liquid argon is the
charge up speed. In air, it has been found to be independent of the final voltage but the
overall time to reach the final voltage was much longer with respect to the time needed in
liquid argon.
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Figure 6.7: The charging up time of the Greinacher circuit for 170 Vpp (black points) and
200 Vpp (red points) in liquid argon as also
for 60 Vpp in air (blue points). In liquid, the
charge up time is shorter than in air.
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Figure 6.8: In liquid argon the charge
up time tmax to reach the maximum
voltage varies as a function of the input
voltage. The time was taken at the moment when there was no current flowing
in the capacitors any longer. The total
charge up time is always smaller than in
air. The linear fit only takes points with
Vpp > 50 V in account.

Figure 6.7 shows the charging up behavior as a function of the time for different input
voltages for the operation in air, at room temperature, as also for the operation in liquid
argon. The measurement in air again was made with the field mill connected to the cathode.
For the measurements in liquid this is not possible and it has to be measured indirectly. The
Greinacher circuit was charged for a certain time t with a given input voltage Vpp and then
discharged. The voltage at time t can be derived from the maximum current measured during
the discharge process as described in Section 6.1.1. Because of the time consuming procedure
only a few points were measured.
The Greinacher circuit is charged completely, to the voltage Vmax , when the “spikes”, seen
in Figure 5.29, disappeare. This is equivalent to no charge flowing in the system any longer.
The corresponding time is referred as tmax . The longer time in air is coming from leakage
currents over the diodes. The dielectric properties of liquid argon and the cold temperature,
strongly suppress them, what leads to a shorter time.
Figure 6.8 shows the time needed to reach the maximum high voltage Vmax for a given
input voltage in liquid argon. This plot is biased by the fact that the driver, to charge up the
system also has to be ramped up and the maximum peak to peak voltage is only reached after
some time. The ramping up speed is always kept at 10 V/s. This means that for 435 Vpp
the ramp up time is ∼ 43 s. Compared to the total time tmax ≈ 43 min necessary to charge
the system, this gives an error of ∼ 1.7%.
In [78] it is shown, that for a simpler system with only 30 stages and an equal number
of capacitors per stage, the time needed to charge the system is directly proportional to the
input voltage. For the ArDM system this is only partially true and a linear fit fails at low
voltages, as can be seen in Figure 6.8. At small input voltages, in the order of 50 to 100 Vpp ,
the results have to be taken with caution because of the offset, seen in Figure 6.6. The red,
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Figure 6.9: The charging up process in
liquid argon is time dependent as seen in
Figure 6.7. Normalizing the time as also
the charge, a correlation can be seen and
fitted according to Equation (6.10).
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Figure 6.10: The charging up process of
the Greinacher circuit in air is time independent. The plot shows the relative increase of the voltage V /Vmax as a function
of the time. No difference in the shape can
be seen, neither depending on the voltage
difference to be charged up nor on the initial or the final voltage.

linear fit function therefore only starts at Vpp = 50 V. The data are described better by the
power law (blue fit):
t[min] = 2.37 ⋅ (V [V])0.478
(6.9)
However, plotting the normalized time t/tmax for charging up as a function of the normalized voltage V /Vmax shows a good correlation (see Figure 6.9) and can be fitted with
V /Vmax = a ⋅ (1 − e−b⋅(t/tmax ) = 1.11 ⋅ (1 − e−2.23⋅(t/tmax ) )

(6.10)

In air, this behavior was not found but the charging up time is independent of the maximum voltage as also the voltage difference. Figure 6.10 shows the charge up time of the
ArDM system in air with the normalized voltage V /Vmax . The time to reach the final voltage
is always about one hour.
The maximum voltage where the Greinacher HV generator was operated in liquid argon
was Vmax = 68 kV (64 kV of the charged up Greinacher circuit and 4 kV of shifting voltage)
with an AC input voltage of Vpp = 435 V.

6.1.3

Voltage distribution to the field shapers

Theoretically the distribution of the correct voltage to the field shaping rings is a simple
thing. Because of the equal rise of the voltage between Greinacher stages according to
Equation (5.3), a constant increase per field shaping ring can be achieved by dividing the
number of stages by the number of rings i.e. 210/30 = 7. Thus, each ring has to be connected
to the 7th stage after the last while the first ring has a potential defined by the shifting circuit
and the cathode is connected to the last stage.
However, as shown in [117] the behavior of the Greinacher circuit is not completely linear
and the simple Equation (5.3) is not valid but more difficult models have to be applied. This
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Figure 6.11: The voltage measured in
air as a function of the field shapers. It
increases linearly. The 31st field shaper
is the cathode.
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Figure 6.12: The voltage difference
between neighboring field shapers. The
average deviation from a linear fit is 6.8%
according to model2 form [117] (blue) and
7.2% for the measured values (red).

leads to an unequal distribution of stages between field shaping rings. The best matching
stages proposed in [117] have slightly been modified, and Table 6.1 shows the actual configuration with the measured voltage, the voltage difference and the number of Greinacher stages
between two fieldshapers. Figure 6.11 shows the the voltage on each field shaper with a maximum voltage of 9516 V. The voltage difference between stages can be seen in Figure 6.12.
All these measurements were done in air with the field mill touching the different field
shapers. In liquid argon it is not possible to measure the voltage distribution since there is
no way to measure the voltage of single field shapers.
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Fieldshaper

Stage

∆Stage

Voltage

∆V

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

3
8
13
19
25
30
36
42
48
54
61
67
74
80
87
94
101
108
116
123
131
138
146
154
161
169
177
185
194
202
210

5
5
6
6
5
6
6
6
6
7
6
7
6
7
7
7
7
8
7
8
7
8
8
7
8
8
8
9
8
8

169
452
732
1068
1398
1664
1980
2296
2607
2894
3190
3488
3807
4112
4452
4785
5088
5395
5753
6073
6427
6729
7045
7357
7647
7959
8256
8597
8943
9219
9516

283
280
336
330
266
316
316
311
287
296
298
319
305
340
333
303
307
358
320
354
302
316
312
290
312
297
341
346
276
297

Percentual
deviation
from linear
fit
78.7 %
10.5 %
1.2 %
2.9 %
3.4 %
-0.1 %
0.0 %
0.0 %
-0.1 %
-1.0 %
-1.5 %
-1.8 %
-1.5 %
-1.6 %
-1.0 %
-0.5 %
-0.7 %
-0.8 %
0.0 %
0.1 %
0.7 %
0.5 %
0.5 %
0.4 %
0.1 %
0.1 %
-0.1 %
0.2 %
0.5 %
0.1 %
-0.1 %

Table 6.1: Voltage distribution from 210 Greinacher stages on 31 field shapers (the 31st stage
is the cathode).
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Liquid argon recircurlation and purification

One of the most critical points for the success of the liquid argon TPCs is the purity of the
noble liquid from electronegative molecules. As shown in Chapter 4, a constant purification
from electronegative molecules is necessary to minimize the loss of charge.
In ArDM this is done with the bellow pump discussed in Section 5.3.6 and a schematic
illustration of the circulation can be seen in Figure 5.34. The bottom of the dewar is connected
to the liquid argon pump at the lowest point of the system. The liquid argon is not sucked
into the pump but enters it by the hydrostatic pressure coming from the ∼ 2 m argon column
in the dewar since suction causes cavitation effects. The pump then presses the liquid through
a filter and it is guided back into the dewar.
Theoretical the flux of the pump ΦLAr only depends on the speed of the pump. It is given
by
ΦLAr = (t↓ + t↑ ) ⋅ Vpump
(6.11)
where t↓ and t↑ are the times the piston needs to expand and contract the volume of the pump,
respectively. The volume of the pump, or more precisely the change of volume between the
expanded and the contracted position, is 30 ml and named Vpump .
To understand better the mechanism of pumping and the impedance of the cartridge for
the liquid flowing through, the system can be translated into an electrical circuit. In this
conversion the pump or better the flow from it, becomes a current source and the cartridge
a resistor. The place where the pressure is measured is a gas bubble at the end of a tube
connected to the system and therefore partially filled with liquid argon. Pressing liquid
against the cartridge automatically also presses it into the tube and the pressure increases.
Therefore, that tube can be looked at as a capacitor.
The system becomes, as shown in Figure 6.13, a combination of a resistor and a capacitor.
The pressure between the pump and the cartridge, compared to the pressure of the relaxed
system, i.e. the pressure of the main dewar, is equivalent to the potential in the system.
Table 6.2 shows the analogy between an electronic and a fluid circuit, as long as there is
only laminar flow.
Using this transformation, the system can be divided into two separate parts. The first
one is when the piston moves up and the liquid is pressed towards the filter. The movement

R

C
R

C
Current
generator

Pump

Figure 6.13: The cryogenic setup of ArDM can be drawn in analogy to an electric circuit. The
flux of the liquid argon is equivalent to the current, and the pressure differences are equivalent
to the potential differences. The pressure of the dewar can be considered constant and is, in
analogy to the electrical circuit, the ground potential. The pressure after the pump is measured
in a gas buffer. It behaves similar to a capacitor. The liquid argon filter can be looked at as an
impedance/resistor.
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Electronic component
Charge Q
Potential U
Current I = Qt
Resistor R
Capacitor C = Q
U
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Fluid dynamic component
Volume V
Pressure p
LAr flux ΦLAr = Vt
Cartridge R
Buffer volume C = − ∆V
∆p

Table 6.2: Analogy between electric and fluid dynamic components.

of the piston can be assumed uniform and the result is a constant flux
ΦLAr =

Vpump
t↑

(6.12)

The second part is when the volume of the pump expands. In that moment there is no
liquid argon flowing in the system and the only way for it to get out is through the cartridge
because of the closed check valve of the pump.
In the beginning, when starting, there is a kind of “ramp-up” of the system and in
continuous operation an equilibrium will be reached. In equilibrium all the liquid pressed
into the system per cycle also has to go through the cartridge during the cycle.
t↑ +t↓

t↑

t↓

Vpump = ∫ ΦLAr (t)dt = ∫ ΦLAr↑ (t)dt + ∫ ΦLAr↓ (t)dt
0

(6.13)

t↑

0

In order to calculate the flux, the electrical circuit of Figure 6.13 is used. The current fed
into the system is a step function with
I(t < 0) = 0
I(0 < t < t↑ ) = I0 = const.
and for t↑ < t < t↓ it is zero again.

(6.14)

I(t↑ < t < t↓ ) = 0

Calling the current flowing through the resistor I1 and the one going to the capacitor I2 ,
the system can be described by the following two equations:
I0 = I1 + I2
1
I0 − I1
U = R ⋅ I1 =
⋅ I2 =
iωC
iωC

(6.15)
(6.16)

Using a Laplace transformation with a step function u(t) gives for the current I1 (t)
t

I1 (t) = I0 ⋅ u(t) ⋅ (1 − e− RC )

(6.17)

Translated to the liquid argon problem the step function I0 ⋅ u(t) becomes the constant flux
of argon pressed in the system by the pump.
ΦLAr↑ (t) =

t
Vpump
⋅ (1 − e− RC )
t↑

(6.18)
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Figure 6.14: The theoretical Equation (6.18) for the time t↑ between t0 and t1 and Equation (6.21) for the time t↓ , between t1 and t2 , describe the behavior of the pump. During the
time t↑ the piston is pushing in argon (orange) and the flux through the cartridge increases. As
soon as the piston expands and the check valve closes there is an exponential decay of the flux
through the cartridge.

For the second part of the cycle, when the check valve is closed and the pump volume
expands, the built up pressure in the buffer is pressing more liquid through the filter until
the pressure difference over the cartridge is zero or the next compression cycle starts.
The decay of the pressure is a standard discharge of a capacitor through a resistor. The
exponential decay of the pressure has a time constant τ = RC, depending on the resistance
of the cartridge and the capacity of the buffer volume.
t

U (t) = U0 ⋅ e− RC
and in case of the liquid argon

t

p(t) = p0 ⋅ e− RC

(6.19)
(6.20)

The flow then is given by
p(t) p0 − t
=
⋅ e RC
(6.21)
R
R
A combination of Equation (6.18) and Equation (6.21) is schematically drawn in Figure 6.14. It shows the flux of liquid argon during one cycle. The cycle lasts from t0 to t2 ,
whereby during the time t↑ the pump delivers liquid while during the time t↓ the liquid stored
in the buffer is released through the cartridge.
Because the relaxation time is longer than the time until the next bunch of liquid is
coming there, is always a certain flow of argon through the system. The integration over
the area below the curve (orange and blue) has to be equal the the total liquid delivered, as
expressed in Equation (6.13).
To solve the system, first the decay time τ = RC has to be evaluated. This is done
during the time when the system relaxes. Having the maximum pressure p2 = p(t1 ) and the
minimum pressure p1 = p(t2 ) the decay constant can be written as
ΦLAr↓ (t) =

τ = RC =

t↓
ln ( pp21 )

(6.22)

6.2. LIQUID ARGON RECIRCURLATION AND PURIFICATION

125

It has to be noted that these formula is valid for p0 = 0, i.e., equal to “ground”. Therefore p1
and p2 are relative values.
By converting the flux from Equation (6.18) to a pressure and solving it, the starting time
t0 can be found.
Vpump
⋅ R ⋅ (1 − e−t0 /τ )
t↑
Vpump
p2 (t1 ) =
⋅ R ⋅ (1 − e−t1 /τ ) ,
t↑
p1 (t0 ) =

(6.23)
(6.24)

where the time t1 is given by the sum t1 = t0 + t↑ .
The pressure p2 at the time t1 of the maximum compression of the pump is therefore
given as
1 − e−t0 /τ ⋅ e−t1 /τ
p2 = p1 ⋅
(6.25)
1 − e−t0 /τ
and, by substituting t1 by t1 = t0 + t↑ the time t0 is
t0 = τ ⋅ ln (

e−t↑ /τ ⋅ p1 − p2
)
p1 − p2

(6.26)

With these informations the total amount of liquid flowing through the cartridge can be
calculated by integrating the flux φLAr according to Equation (6.13), or by integrating it for
the flux φLAr ↑ and subtracting that volume from the total pump volume.
t1

V↑ = ∫ φLAr ↑ dt = Vpump (1 −
t0

V↓ = Vpump − V↑ =

τ −t0 /τ
(e
− e−t1 /τ ))
t↑

p2
τ (1 − e−t↓ /τ )
R

(6.27)
(6.28)

The impedance of the cartridge now can be calculated with Equation (6.28)
R=

6.2.1

p2
⋅ τ ⋅ (1 − e−t↓ /τ )
V↓

(6.29)

Recirculation speed and impedance

In ArDM it is possible to measure the pressure, as also the pump frequency. Theoretically,
with every cycle 30 ml of argon are pumped in the system. Unfortunately, this value only
is an upper limit and not realistic, since there are cavitation effects as well as a small heat
input to the pump, what causes part of the pump volume to be filled with argon gas and not
with liquid. The pump speed therefore has to be measured.
One possibility, described in [124], is to estimate the flux by pumping the liquid to the
outside of the system into a bucket and measuring the time. This method is not very precise
because the system is disturbed and there are different pressure settings compared to a
completely closed circuit. Pressure differences always come with a change of the temperature
of the liquid. Having 1.5 bar inside the detector and 1 bar in the atmosphere results in a cool
down of the argon by about 3.5 K. To reach that temperature some argon has to evaporate
and the gaseous argon is no longer counted in the bucket. Also, there are thermal losses
during filling.

τ3 [µs]

126

CHAPTER 6. COMMISSIONING AT CERN
0.5

0.48
0.46
0.44
0.42
0.4

τr = 78±1 hr
τrad = 1.6 µs
τO = 1.39 µs
2
τN = 0.62 µs
2

0.38
0.36
0.34
0.32
0.3
09/04/2011

12/04/2011

15/04/2011

18/04/2011

21/04/2011

24/04/2011

27/04/2011

30/04/2011

03/05/2011

06/05/2011

Date

Figure 6.15: Demonstration of the effect which the recirculation had on the argon purity by
measuring the lifetime of the slow component of the scintillation light. The pump was running
between the 14th and the 20th of April 2011 and again from the 26th of April to the 6th of May.
The increase during the time when the pump was not running comes presumably from freezing
out water and other impurities on the dewar walls. The fit of the flat part only has been taken
between the two pump cycles. The line before the 14th of April is only for illustration with the
same slope as the second linear part.

Another, more precise method to measure the flux, is to measure the increase of the
lifetime of the electrons or the lifetime of the slow component of the scintillation light due
to the reduction of electronegative molecules. Assuming a filter that captures 100% of the
oxygen molecules and that there is no additional outgassing during operation, leeds to an
increase of the lifetime, depending on the recirculation speed of the pump.
The measurement of the lifetime of the slow component is a standard procedure and
it gives a good estimation of the overall purity down to the level of a few ppm of oxygen
equivalent impurities. Unfortunately argon not only is contaminated with oxygen, that can
be filtered out but also with nitrogen. The overall lifetime can be written as Equation (6.30),
derived from [125] and [126]
τ [µs] = (

1
τrad

−1

+

e−t/τr
1
+
)
τO2 (0) τN2

(6.30)

where τrad is the lifetime of the triplet state. τO2 (0) and τN2 are the constants from the light
quenching processes and τr the time constant of one volume change.
In a cryogenic run of the ArDM setup in spring 2011, this measurement has been taken
and results are shown in Figure 6.15. The overall poor lifetime of between 0.35 µs and 0.45 µs
is because the run was not meant for taking data but a cryogenic run to test the behavior of
the cryocoolers and the pump. Therefore, the argon was not purified during the filling of the
setup.
In Figure 6.15 it can be seen that the pump was operated between the 14th and the 20th
of April 2011 and again from the 26th of April on. Looking at the curve, one sees that even
without pumping the lifetime is increasing. This is presumably coming from freezing out
water molecules on the cold steel surface or the dissolving of nitrogen molecules from the
liquid argon into the argon gas.
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The fit of the the linear increase only has been taken between the two periods with
the pump on. The green curve in the beginning is just to guide the eye. For fitting the
recirculation time according to Equation (6.30), the linear background has been subtracted as
also the period when the pump was off. The fitted data (red line) give an overall recirculation
time of 78 ± 1 hrs for one volume.
During this measurement, the detector was filled with ∼ 750 l of liquid argon. This leads
to a total flux of 160 ml/min. Taking now the pump frequency of t = t↑ + t↓ = 3 s + 3 s =
6 s/cycle gives a total of 16 ml/cycle or in other words, the pump volume was filled 53%
of its total volume with liquid. Taking Equation (6.29), the impedance of the cartridge is
1.9 ± 0.36 bar min/l. The parameters for obtaining this result are listed in Table 6.3
Pumping periode:
p1
[bar]
p2
[bar]
t↑
[s]
t↓
[s]
Vpump [ml]
τ
[s]
R
[bar min/l]

11.04.14 − 11.04.20
0.265 ± 0.005
0.305 ± 0.005
3
3
16.0 ± 0.2
21 ± 4
1.8 ± 0.3

11.04.26 − 11.05.06
0.292 ± 0.005
0.357 ± 0.005
3
3
16.0 ± 0.2
15 ± 2
2.0 ± 0.2

Table 6.3: Impedance calculations of the ArDM cartridge, for the time between the 11th of April
and the 6th of May 2011, according to the calculations in Section 6.2. The pressure values were
given by the pressure sensor and the pump frequency was set. The volume of the pump Vpump has
been calculated from the fit in Figure 6.15. τ and R are calculated according to Equation (6.22)
and Equation (6.29), respectively.

6.2.2

Measurement of the electron lifetime

Lifetime of the slow component in the 40 × 80 cm2 LEM TPC run in 2011
A second time, the pump was operated in November 2011. In this case for a physics test,
with the 40×80 cm2 LEM TPC, reported in [78]. The main goal of the test was to test a large
2D projective anode in combination with a LEM TPC. For this test the ArDM dewar was
suitable in size because it has all the necessary cryogenic environment and DAQ equipment.
The differences from the test in April 2011, from the cryogenic point of view, is that now,
instead of 750 l, there are about 1000 l of liquid argon in the system. Further, the argon
already is fed into the system pure. That means, it was pressed through a filter, containing a
molecular sieve and copper, before entering the dewar, resulting in a very good initial purity.
This can also be seen in Figure 6.16. It shows the lifetime of the slow component of the
scintillation light, similar to Figure 6.15. The pump was switched on the 23rd of November
and switched off at the end of the test on the 5th of December. In between, from the 27th to
the 28th of November and on the 1st of December, the pump stopped working and it had to
be restarted.
The lifetime of the slow component shows an increase of the purity but at a very low
level. Fitting each period with an exponential function gives recirculation times of τr =
300 days and 107 days.
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Figure 6.16: The lifetime of the slow component of the argon scintillation light as a function of
the time. The fitted exponential functions show the time during which the liquid argon pump was
running. The found recirculation time τr of 300 days and 107 days, respectively, is not matching
the calculated recirculation time of τr ∼ 9 days because the purity of the argon already is too
good to affect the lifetime. The increase comes presumably from water being frozen out slowly.

The recirculation time, calculated by using the equations of Section 6.2, is found to be
127±7 h for 1000 l of liquid argon. To obtain this result, the pressures were taken by the slow
control system and the pump cycle time is a constant, set for the run. For the impedance the
result of Section 6.2.1 was taken. Taking these inputs the volume Vpump can be calculated.
The actual values are shown in Table 6.4
Pumping periode:
p1
[bar]
p2
[bar]
t↑
[s]
t↓
[s]
R
[bar min/l]
Vpump [ml]
τr
[hr]

11.11.23 − 11.12.05
0.2 ± 0.01
0.3 ± 0.01
1
1.4
1.9 ± 0.36
5.25 ± 0.3
127 ± 7

Table 6.4: Recirculation time, derived from the theoretical model, using a given impedance of
1.9 ± 0.36 bar min/l.

This big difference between the measurement of the scintillation light and the theoretical
prediction comes from the oxygen contamination being below the level where it affects the
slow component. This is, as discussed in Section 2.9, the case for less than ∼ 100 ppb of
oxygen equivalent contamination. Therefore, theoretically no change in the lifetime of the
slow component should be seen. The small increase presumably comes from water molecules.
They are not chemically bound to the copper but only freeze out on the cold surfaces. This
process is not very efficient, what causes the slow increase.
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Electron lifetime measurement in the 40 × 80 cm2 LEM TPC run
A second, more sensitive way of measuring the purity of the argon is to measure the lifetime of the electrons. Produced by an ionizing event, they drift along the electric field lines
towards the anode. On their way there is the possibility for them to be captured by impurities. The number of electrons reaching the anode is inverse proportional to the amount of
electronegative molecules as already shown in Equations (2.29) and (2.30). The increase of
0
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Figure 6.17: The increase of the electron lifetime during recirculation. During the time between
the 1st and the 4th of December the pump was not working. The fitted recirculation time is
τr = 9.2 ± 0.2 days.

the electron lifetime is an exponential function and the recirculation time has been found to
be 9.2 ± 0.2 days, what agrees rather well with the theoretically obtained result of 127 hrs
(5.3 days). Also here the slower time presumably comes from the presence of water molecules
capturing electrons. They are only reduced very slowly by freezing out, but not by chemical
absorption by the copper.

6.2.3

Pump operation

Theoretically the pump is operated very simple. On the PLC control system the time of the
piston being pushed up t↑ and the time of expansion t↓ can be set in steps of 200 µs and the
pumps starts moving.
Unfortunately, as mentioned in Section 4.2, moving of the pump does not automatically
imply the transport of liquid. Due to the heat input and cavitation effects, in the beginning
only gas is compressed and expanded. The pump first has to be brought to the temperature
of the liquid argon. This is done by letting liquid run through the pump by hydrostatic
pressure and the pressure inside the dewar. The ArDM system contains a bypass system,
shown in Figure 5.35. With these valves the detector can be filled but also emptied. Opening
now the emptying valve (right valve in Figure 5.35) and closing the horizontal valve to block
the access to the purification cartridge, presses the liquid argon through the pump out of
the system. The liquid argon now cools down the pump. At the moment the temperature
sensors on the pump show the temperature of the liquid argon (∼ 87 K, but more important,
the value does no longer fluctuate), the valve is closed and the bypass valve is opened again.
In this moment the system is completely filled with liquid and the pump is fast enough to
deliver enough argon to cool itself constantly.
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Letting argon flow out of the system is a possible source of contamination since oxygen
molecules might diffuse in. To reduce the effect, the output is connected to a tube guided to
a dewar, filled with liquid argon and acting like a syphon. The pure argon now is filled in
that vessel and the argon already in it blocks the oxygen. The only oxygen capable to enter
now are oxygen molecules dissolved in the liquid argon of this vessel.
It has to be remarked for both measurements (Tables 6.3 and 6.4), the one in April as
also in November 2011, that the overall performance of the pump is disappointing. From
the possible 30 ml/cycle only 16 ml (April) and5 ml (November) were liquid argon. Also,
shown in Figure 6.17, the recirculation was not always working. It happened that it suddenly
stopped due to the small amount of liquid carried per cycle. Shown in Table 6.4 it was as
low as 5.25 ml from possible 30 ml. The smallest disturbance of the system is able to cause
cavity effects that stop the pump. For the shown stop on 1st of December, no precise reason
of the stopping has been found. One thing noted was that at the same time also the high
voltage system was unstable what might be caused by an additional heat input and therefore
bubbles in the liquid argon.
These results lead to the start of investigating better, more efficient pumps, as described
in Section 4.2.3.

Chapter 7

Laboratorio Subterráneo de
Canfranc
Because of the small signals and the low rate of the expected WIMP interactions, the experiment cannot be run on the surface. Atmospheric muons would constantly saturate the
chamber and the small recoil signals would not be seen. To reduce these muons, the experiment is installed in an underground laboratory where the rock of the mountains above is
shielding the muons.

7.1

The underground laboratory

ArDM is located in the Laboratorio Subterráneo de Canfranc (LSC) in the Spanish Pyrenees.
The laboratory is situated between an old, discarded, railway tunnel and the newly built
Somport road tunnel, connecting Spain with France.
The road tunnel is built in parallel to the existing railway tunnel and the safety concept
foresees the use of the railway tunnel as an emergency gallery for the road. There are cross
connections between the two tubes every 800 m.
The laboratory is situated in between the tunnels, parallel to them, with an access from
one of the cross connections as shown in Figure 7.1. It contains two experimental halls. A
big one of 15 × 40 m2 and a smaller one of 10 × 15 m2 . Besides there are also different services.
There is a clean room and a workshop as also office space on a second floor. Further there are
services provided by the laboratory like a generator in case of a power cut, compressed air
and two independent gas distribution systems through all the laboratories. One with argon
and one with nitrogen gas.
The big experimental hall, called Sala A, is the one hosting ArDM. It has a round vault
along the long side of the hall. In most part of the floor a pool is inlaid, as seen in Figure 7.2.
It is used as a safety pool in case of spilling heavy gas, but also it allows to build the
experiments on a platform, having space below for shielding or services like cable trays. For
handling the equipment, there is a crane, covering all the hall. It has a maximum load of 10
tons.
Important for the location of an underground laboratory is the amount of rock above it.
For Canfranc, this are 850 m what is equivalent to 2.4 km of water. The muon flux, measured
is 2 − 4 × 10−3 m−2 s−1 depending on the position, and the neutron flux is 2 × 10−2 m−2 s−1 .
The radon contamination of the air is between 50 and 80 Bq/m3 [127].
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Figure 7.1: The Canfranc underground laboratory is situated between the Somport road tunnel (grey) and the old Somport railway tunnel (brown). The access is from a cross connection
between the two tunnels.
The laboratory itself is divided in three parts. A big experimental hall (green), a small experimental hall (red) and services like clean room, workshop and offices (blue).

Figure 7.2: The empty Sala A of the Canfranc underground laboratory before the installation of
the experiments. The picture is taken from inside the “pool” where now the different experiments
are located. On the right side is the entrance.
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Installation of the vessel

A big part of the ArDM experiment is installed in Canfranc since February 2012. After
finishing the 40 × 80 cm2 LEM TPC run in December 2011, the dismounting of the cryostat
begun and was finished by the end of January 2012. On January 31, a truck picked up the
dewar and all the cryogenic facilities. The detector itself is still at CERN and will be shipped
at a later time.
For the final installation, ArDM is situated on a platform as seen in Figure 7.3. It is
necessary for having space below the detector to mount a neutron shield. Also the pool acts

Figure 7.3: Cut through the detector in the LSC laboratory. The detector is installed on a
platform inside the existing concrete pool of the laboratory. Around the detector a decoupled
two stories platform is built (light grey structure). Outside the pool, on the right side of the
picture, the PLC is placed.

as a containment in case of an argon spill. The platform itself has 6 legs, bolted to the
concrete floor of the cavern. It holds the detector but also all the neutron shielding around
it. The platform is made of structural steel and has been tested to hold a load of ∼ 32 tons.
An analysis of the oscillations in case of an earth quake has been made by a finite element
modulation, where a maximum horizontal acceleration of 10 m/s2 was assumed. For comparison, the highest rating for an earthquake, 10 on the scale of the Japanese Meteorological
Agency (JMA), starts at 4 m/s2 horizontal acceleration.
The values obtained by the finite element analysis are a maximum deformation of 5 mm
and a maximum stress of 145 MPa. This is a safety factor of 1.62 to the stress needed for a
plastic deformation of the steel (235 MPa) [128].
Around the platform of the detector, a second platform is placed. It is giving access to the
detector on two floors. One on the hight of the detector and the second at the level of the top
flange. This second platform is completely decoupled form the detector platform, in order
not to transfer any vibration from the cryocoolers and persons, walking on the platform, to
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Figure 7.4: The ArDM vessel mounted on the platform in Canfranc. On the right side the
detector cryostat can be seen and the smaller column on the left hosts the recirculation cartridge.
The condenser is mounted on the upper floor of the walking platform.

the detector.
Figure 7.4 shows the mounted cryogenic installation. The prominent steel vessel on the
right is the actual cryostat. The recirculation system with pump and cartridge is hosted by
the smaller column on the left side. The structure around it is the two floor access to the
detector. Compared to the final installation, the neutron shield is still missing in this picture.
The PLC control system is situated behind the structure, outside the pool. It was shipped
as a whole with all 7 racks as shown in Figure 5.52. To have the experiment as independent
from the laboratory as possible, all the cables from and to the experiment are routed through
these 7 racks. To the laboratory only one single 3-phase power line with 80 A/phase is laid.
The cables for the different sensors are bunched together to a few big cables that are routed
to two distributor boxes right beside the experiment, one on each floor. From there the cables
go to the different sensors. The box of the lower floor can be seen in Figure 7.5. The big
cables from the PLC enter from the left and the cables to the single sensors exit on the right
side.
The power cables are not routed to the box but are kept separate in order not to disturb
the analog signals. They directly go from the PLC to their designated machine.

7.3

The neutron shield

After installation of the vessel and cabling all the sensors, the neutron shield was installed
by the collaborating group of CIEMAT, Madrid. It is a 50 cm thick wall of polyethylene,
surrounding all the detector. The lateral shield has an octagonal shape and is made of
multiple rings of 20 cm height each. Each ring again is built of eight trapezoids that have, in
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Figure 7.5: The signal cables for the different sensors are connected to a distributor box (right
side of the box). The output cables to the PLC are on the left side. In total there are two boxes,
one on each floor.

order to prevent neutrons from entering through the slits between them, a slight angle on the
sides where the blocks touch each other. They are fixed to each other, but also to vertical
steel pillars on the outside, as can be seen in Figure 7.6. The total weight of the polyethylene
of the lateral shield is 13 tons.
In a first step the lateral shield was mounted. The top and bottom part will come, before
the actual data run starts. For commissioning it is more practical to still have a good access
to the cryogenic services on the top flange. In the end, including the top and bottom shield,
a total weight of ∼ 17 tons of polyethylene will surround the cryostat.

7.4

Commissioning of the cryostat

To install all the cryogenic parts already existing, about two weeks were needed. A third week
in April was spent to bring the system into operation. During this week mainly the different
vacuum chambers have been tested for leaks and everything was prepared for pumping the
different volumes. Since then the pumps are running and no major leaks have been noted,
except of a leaky vacuum sensor.
Taking the experience of previous runs, the most critical volume for pumping is vacuum
insulation 2, the vacuum around the cartridge. It has an approximate volume of ∼ 500 l
and inside the stainless steel shell there are all the service lines for the different liquid argon
circuits (see Section 5.3.4). The VCR junctions connecting the pipes, when not tightened
correctly, are likely to be a source of leaks. The only way to find out if they are tight is to
evacuate the volume and then also evacuate the lines. In case of a leak, the evacuation of the
lines will stop the gas flow into the vacuum insulation and the pressure of the insulation will
drop. No such leak was found, neither in the circuit of the pure argon nor in the one of the
cooling argon.
Also critical for reaching a good vacuum in this volume is the big surface of all the tubes
and other materials. The tubes themselves are stainless steel tubes and a large fraction,
stainless steel bellows. They increase the surface by a multiple and it is difficult to calculate
a theoretical outgassing rate. Another stainless steel surface inside the vacuum is the shell
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Figure 7.6: In order to block neutrons from entering the detector, a 50 cm thick shield of
polyethylene is mounted around all the detector. Currently only the lateral shield is installed in
order to still have access to the vessel.

of the purification cartridge, shown in Figures 5.42 and 5.43.
The vacuum insulation is not only a steel shell with some smaller tubes, but it also contains
several different materials with different outgassing properties, as shown in Figure 5.40. To
prevent thermal losses through radiation, ∼ 30 layers of superinsulation (reflecting Mylar foil)
are wrapped around all the tubes inside the volume. A specific measurement of its outgassing
properties is reported in [92].
Also there were tapes and different glues used inside the volume. The tape was initially
installed by the producer to hold the superinsulation in place. Most of it is removed and also
a lot of the glue from it is no longer sticking because the solvents of the glue have outgassed.
Other parts using glue are feedthroughs for cables and temperature probes, which are glued
to the tubes consisting the liquid argon.
Most crucial for the outgassing is a total of ∼ 0.06 m3 of polyethylene inside the insulation
vacuum. While in general the neutron shield is mounted around the detector, the neutrons
also have to be blocked from entering through the vacuum insulation. Cylindrical shaped
blocks, seen also in Figure 5.40, are installed inside the vacuum insulation, leaving only a
small gap for the cold tubes.
It therefore is clear that a fast evacuation is not possible and there will be a lot of
outgassing. For a vacuum insulation that is not so crucial since a vacuum below ∼ 10−3 mbar
is sufficient for an insulation vacuum.
Figure 7.7 shows the measured pressure as a function of the time for several thousand
hours. The different fits are indicating the different stages of the outgassing as described in
Chapter 3. Despite the polyethylene and all other critical materials, a good vacuum has been
reached.
The pumping time in Figure 7.7 is given in logarithmic scale in order to see a linear trend
for the pressures, behaving according to a power law. For the first minutes the pressure drops
fast due to the ramping up of the turbo pump and fitting a function is not useful. After about
4 hours (most of the time it takes for reaching ∼ 1 mbar because only the prepump is used),
the volume is evacuated with a rate of



p(t) ∝ e−1.42t ,

(7.1)

137

Pressure [mbar]

7.4. COMMISSIONING OF THE CRYOSTAT

10-1

10-2
volume
p ∝ e -1.42*t
10-3
desorption
p ∝ t -1.07
10-4
diffusion
p ∝ t -0.52

10-5

10-6
1

10

102

3

10

Time [hr]
Figure 7.7: The pressure in the vacuum insulation of the ArDM experiment as a function of the
evacuation time. Different effects are influencing the evacuation speed at different time scales.
The fitted curves match the theoretical predictions for the different effects.

what can be interpreted as removal from molecules inside the volume. It takes some time
since the volume is large and has many places that are almost pockets and molecules can not
escape easily.
After the exponential decay, clearly the pressure drops linearly (in the log-log plot),
proportional to t−1 , typical for desorption. The faster drop after about 10 hours is not
understood but a possible explanation is the complex constitution of different molecules,
outgassing with different rates. Desorption from the superinsulation and the stainless steel
is much faster than from the organic materials like the polyethylene and the glues. Also, in
the range between 4 × 10−3 and 1 × 10−4 mbar, the vacuum sensor is only linear for nitrogen
gas. Unfortunately, there are no calibration data available from the manufacturer. Neither
for hydrogen nor for water, in our case the two most common gases during the process of
desorption.
After a long period of a few hundred hours, the surface desorption stops and diffusion,
probably of water and hydrogen from inside the polyethylene, is the main source of outgassing.
The fit behaves as predicted with
p(t) ∝ t−0.5
(7.2)
The actual outgassing rate was measured with the Rate-Of-Rise method described in
Section 3.2 after about 4600 hours and again after 5000 hours. The outgassing rate was
found to be 4.09 × 10−5 mbar l/s for 4600 hours and 3.69 × 10−5 mbar l/s for 5000 hours (the
volume of the insulation vacuum was assumed to be 500 l). This means, in case of a power
cut or a problem with the turbo pump, the vacuum stays below 10−3 mbar for almost 4
hours, allowing enough time to react, without having to fear a sudden rise of temperature
and pressure in the dewar.
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Conclusions
During my doctoral studies, a large part of the ArDM experiment has been changed, modified
and improved. The system was tested both, with argon gas and under cryogenic conditions,
during several commissioning runs at CERN. First knowledge in handling large quantities of
liquid argon and the reactions of the system have been obtained. During the last years the
operation became routine.
As happens in every prototype, not all parts worked as they were initially designed and
they had to be re-designed, manufactured and tested. This includes parts of the detector but
also the cryogenic facilities. While in the beginning the system was designed to be cooled
down with pressurized liquid nitrogen and evaporating liquid argon, it has been upgraded
to a closed system (all volumes are sealed and no gas can escape), with a fully integrated
cooling system as a requirement for the operation in an underground laboratory. The control
and monitoring of the cryogenic facilities have been automated and everything is controlled
by a PLC system.
The detector itself evolved in the last four years from a first prototype consisting of
seven PMTs and a fiducial volume surrounded by a wavelength shifting reflector, to a fully
functional TPC, with an electric field and a temporary anode for reading out ionization
electrons. Linked to the design and installation of the charge readout system, the drift cage
was modified, to be mounted in a more practical way.
To provide the required electric field, a 210 stages Greinacher high voltage generator was
installed in ArDM. First results of its operation in liquid argon are reported. The need
to discharge the electric field, without having to open the setup, was approached by the
development of a novel discharge system. The found solution also can be used to determine
the voltage of the cathode.
For the charge readout, completely new solutions were needed. An extrapolation from
smaller devices of 10 × 10 cm2 was only suitable to a limited extent. The bigger area but
no scaling in the vertical dimension called for new ideas concerning the thermal expansions,
the alignment of the extraction grids and the adjustment of the readout with respect to the
liquid level. At the same time the electric field properties found by smaller prototypes had
to be kept.
New extraction grids, completely made of stainless steel, have been designed, produced
and tested. The main challenges were the thermal stress during the cooling down of the
detector as well as the requirements in aligning the wires over a distance of almost one meter.
Also the production of the grids required new ideas, for example for soldering of thin steel
wires to a thick steel frame.
To terminate the electric field and also to collect and read out the ionization electrons, a
large area anode, with 32 channels, has been built. A charge multiplication device (LEM) is
under development and prototypes with smaller areas are in the test phase, but it is not yet
139
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included in ArDM.
The largest ever developed LEM, with an active read out area of 40 × 80 cm2 and a drift
length of 60 cm, has been tested in the ArDM dewar and the first results of this test are
reported in [78]. Apart from results concerning the charge readout, this test also gave many
findings in the operation of the cryogenic system.
The device for hanging the charge readout system above the drift volume is also a new
development. It has additional functionalities for adjusting the vertical position of the readout
to the liquid level and to be able to tilt it for having absolute parallelism with respect to the
argon surface.
Also, the PMT array was completed with 14 newly coated 8” PMTs. Additionally, in
order to increase the photon collection efficiency, a reflector mask was mounted around the
PMTs, leaving only the photocathodes exposed to the fiducial volume.
Apart from the detector, many improvements and changes in the cryogenic system were
done. The first operation of the recirculation pump and its limitations compared to the
theoretically possible flow are discussed in this thesis and improved prototypes are proposed.
Even though the pump did not work to complete satisfaction, it was possible to purify the
liquid argon from electronegative molecules and an increased lifetime of the slow component
of the scintillation light, as well as an increased lifetime of the free ionization electrons was
measured.
After several commissioning runs on the surface, the time came to bring the experiment
to an underground location. In January 2012, ArDM was dismounted and packed for the
transport to the Laboratorio Subterráneo de Canfranc (LSC) in the Spanish Pyrenees. While
the detector still is at CERN, the cryostat and the service facilities are installed on a newly
built platform inside the LSC main cavern. Also, in addition to the commissioning on the
surface, a neutron shield of 17 tons of polyethylene is surrounding the cryostat.
The cryogenic system has been commissioned under ground as far as it was possible
without the use of liquid argon. The vacuum pumps for the insulation vacuums and the one to
evacuate the dewar are running and no leaks have been detected. Also, the cryocoolers and the
control system are working as expected and the equipment is ready for a first commissioning
run with liquid argon.

Bibliography
[1] F. Zwicky, Helvetica Physica Acta 6, 110 (1933).
[2] V. C. Rubin, N. Thonnard, J. Ford, W. K., Astrophysical Journal 225, L107 (1978).
[3] G. Bertone, D. Hopper, J. Silk, FERMILAB-Pub-04/047-A hep-ph/0404175 (2008).
[4] K. G. Begeman, A. H. Broeils, R. H. Sanders, Mon. Not. R. astr. Soc. 249, 523 (1991).
[5] D. Clowe, A. Gonzalez, M. Markevitch, arXiv:astro-ph/0312273v1 (2003).
[6] R. A. Alpher, H. Bethe, G. Gamow, Phys. Rev. 73, 803 (1948).
[7] J. Ellis, et al., Nuclear Physics B 238, 453 (1984).
[8] G. Jungman, M. Kamionkowski, K. Griest, Physics Reports 267, 195 (1996).
[9] O. Adriani, et al., Nature 458, 607 (2009).
[10] A. A. Abdo, et al., Phys. Rev. Lett. 102, 181101 (2009).
[11] J. Lewin, P. Smith, Astroparticle Physics 6, 87 (1996).
[12] J. Collar, et al., FermiLab Proposal (2006).
[13] A. Davour, PoS(idm2008)010 (2008).
[14] R. Bernabei, et al., Eur. Phys. J. C 56, 333 (2008).
[15] M. Boulay, B. Cai, J. Phys. Conf. Ser. 136, 042081 (2008).
[16] Z. Ahmed, et al., arXiv:0912.3592v1 [astro-ph.CO] (2009).
[17] CoGeNT collaboration, C. E. Aalseth, et al., arXiv:1106.0650v3 [astro-ph.CO] (2011).
[18] D. Hooper, C. Kelso, arXiv:1106.1066v1 [hep-ph] (2011).
[19] G. Angloher, et al., Astropart. Phys. 18, 43 (2002).
[20] G. Angloher, et al., arXiv:1109.0702v1 [astro-ph.CO] (2011).
[21] A. S. Torrento-Coello, arXiv:1106.1454v1 [hep-ex] (2011).
[22] Z. Ahmed, et al., Phys. Rev. D 84, 011102 (2011).
[23] E. Aprile, et al., arXiv:1107.2155v2 [astro-ph.IM] (2012).
141

142

BIBLIOGRAPHY

[24] S. Paling, New Astronomy Reviews 49, 323 (2005).
[25] P. Benetti, et al., Astroparticle Physics 28, 495 (2008).
[26] A. Rubbia, J. Phys. Conf. Ser. 39, 129 (2006).
[27] T. Doke, Nucl. Instr. and Meth. 196, 87 (1982).
[28] E. Aprile, et al., arXiv:1207.3458v2 [astro-ph.IM] (2012).
[29] E. Aprile, et al., XENON1T at LNGS, Proposal, April (2010) and Technical Design
Report, October (2010).
[30] A. Rubbia, arXiv:hep-ph/0402110v1 (2004).
[31] C. Rubbia, CERN-EP/77-08 (1977).
[32] F. Sauli, Nucl. Instr. and Meth. A 386, 531 (1997).
[33] A.Badertscher, et al., arXiv:0811.3384v1 [physics.ins-det] (2008).
[34] A. Badertscher, et al., Nucl. Instr. and Meth. A 617, 188 (2010). 11th Pisa Meeting on
Advanced Detectors - Proceedings of the 11th Pisa Meeting on Advanced Detectors.
[35] A. Badertscher, et al., Nucl. Instr. and Meth. A 641, 48 (2011).
[36] F. Resnati, Modeling, design and first operation of the novel double phase LAr LEMTPC detector, Ph.D. thesis, No. 20550, ETH Zurich (2012).
[37] B. A. Younglove, H. J. M. Hanley, J. Phys. Chem. Ref. Data 15, 1323 (1986).
[38] M. Suzuki, J. zhi Ruan(Gen), S. Kubota, Nucl. Instr. and Meth. 192, 565 (1982).
[39] O. Cheshnovsky, Baruch, J. Jortner, J. Chem. Phys. 57, 4628 (1972).
[40] J. Jortner, L. Meyer, S. A. Rice, E. G. Wilson, J. Chem. Phys. 42, 4250 (1965).
[41] A. Hitachi, et al., Phys. Rev. B 27, 5279 (1983).
[42] S. Kubota, M. Hishida, M. Suzuki, J. Ruan, Nucl. Instr. and Meth. 196, 191 (1982).
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