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ABSTRACT: The Liquid Argon Time Projection Chamber (LArTPC) is a prime type of detector
for future large-mass neutrino observatories and proton decay searches. In this paper we present
the design and operation, as well as experimental results from ARGONTUBE, a LArTPC being
operated at the AEC-LHEP, University of Bern. The main goal of this detector is to prove the
feasibility of charge drift over very long distances in liquid argon. Many other aspects of the
LArTPC technology are also investigated, such as a voltage multiplier to generate high voltage
in liquid argon (Greinacher circuit), a cryogenic purification system and the application of multi-
photon ionization of liquid argon by a UV laser. For the first time, tracks induced by cosmic muons
and UV laser beam pulses have been observed and studied at drift distances of up to 5 m, the
longest reached to date.
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1. Introduction

Neutrino oscillations have been established with compelling evidence in experiments conducted
in the last two decades with solar, atmospheric, accelerator and reactor neutrinos leading to the
determination of the neutrino mass eigenvalue differences and of the three mixing angles [1] of the
PMNS mixing matrix [2, 3].

The next generation of neutrino oscillation experiments will aim at providing precision mea-
surements of 03, investigating possible CP violating effects in the lepton sector and determining
the hierarchy of the mass eigenvalues. To achieve the necessary sensitivity, large samples of events
are needed, which can only be obtained with a synergic use of high flux neutrino beams and very
large mass detectors. A prime technology for such detectors are Liquid Argon Time Projection
Chambers (LArTPC) [4, 5], also well suited for sensitive searches for proton decay. A design op-
tion with a single cylindrical volume of 70 m diameter and 20 m in height, GLACIER, is discussed
in [6-8] and references therein.

TPCs are three-dimensional tracking devices with excellent calorimetric and particle identifi-
cation capabilities [9—11]. In the TPC, charged particles produce ionization electrons, which are
drifted towards readout planes by an electric field. The latter is obtained by a cathode and field
shaper rings installed at fixed pitch and biased with increasing high voltage. The reconstruction of
particle tracks is realized by recording the electric signals generated by the drifted electrons on the
readout planes, defining the transverse coordinates. The longitudinal space coordinate is obtained



from the measurement of the drift time. Given its high density of 1.4 g/cm?, liquid argon is well
suited for neutrino physics TPCs, acting simultaneously as target and active medium.

At the AEC-LHEP we conduct a vigorous R&D program [9, 10, 12] to further develop the
LArTPC technique for use in future neutrino and matter instability search experiments. One of
the main challenges addressed is the achievement of very long drift distances. Before our mea-
surements presented here, the longest drift length reached was 1.5 m, obtained by the ICARUS
collaboration [13]. Long drift distances require the liquid argon to be very pure, in order to mini-
mize the charge depletion due to the attachment of electrons to impurities having negative electron
affinity. Typical impurities are O,, H,O and CO,. Liquefied noble gases themselves have positive
electron affinity. Furthermore, the electric field needs to be in the order kV/cm and, therefore, the
voltage potential to be applied over several meters is very high (up to MV). At lower electric field
values, the usable charge at the ionization point becomes too small due to the recombination of the
electron-ion pairs [14]. Low drift field values also decrease the electron drift speed, thus increasing
the drift time and resulting in higher electron attachment. Diffusion may also significantly affect
the position resolution of the TPC [15-18] at long drift times.

In this paper we report on the design and operation of ARGONTUBE, a liquid argon TPC
with which a drift distance as long as 5 m was achieved as discussed in the following. The design
of ARGONTUBE is presented in Section [J. Important technological advances include a cryogenic
purification system presented in Section 27, as well as a voltage multiplier to generate high voltage
in situ in the TPC (Greinacher circuit) described in Section 3. To study the detector performance,
cosmic muons and controlled ionization tracks induced by a UV laser were used, a novel tech-
nology proposed and mastered by our group. The laser system is described in Section 2.3. The
operation of the detector and the results from the performance measurements are reported in Sec-
tion B.

2. The ARGONTUBE detector

ARGONTUBE is a LArTPC of 5 m length in drift direction and 40 cm in diameter. The cryogenic
system consists of an outer vacuum insulated cryostat, into which an inner vessel (5.6 m long and
with 50 cm diameter) is inserted. The outer vessel is vacuum insulated, with 50 layers of super
insulation added to minimize the heat input from thermal radiation. For operation, both volumes
are filled with liquid argon. The outer volume acts as a bath, keeping the inner volume cold and
reducing boiling. The heat input into the outer volume is compensated by the boiling of the argon.
In Figure [l a drawing of the ARGONTUBE detector is shown, with the dewar, the inner vessel and
a part of the field cage. All connections to the inner vessel are done with CF-flanges and the top
flange is sealed with indium.

2.1 Electric field simulation and field cage design

The electric field has a design value of 1 kV/cm, which results in a potential of 500 kV at the
cathode at 5 m distance from the readout planes. A detailed FEM (Finite-Element-Method) simu-
lation of the electric field was made for ARGONTUBE in order to design a drift-field in the TPC
as uniform as possible. Furthermore, the electric field between the field shaping rings and the cryo-
stat wall was minimized. In the design of the field shaping rings also the mechanical stability was



Figure 1. Drawing of the ARGONTUBE cryostat with the inner vessel and the top flange with all the
feedthroughs. A part of the field shaping rings and some details of the fastening system to the top flange are
shown. Only a few rings out of 125 are visible in this picture.

optimized while minimizing the weight. We used the COMSOL! code to simulate the electrostatic
field inside the TPC. A 2D-axial-symmetric simulation was made since our detector is rotation-
symmetric in a first approximation. Different cross section forms and sizes of field-shaping rings
were studied. In a first simulation, round field-shaping rings with different diameters were sim-
ulated. In Figure [ the electric field strength and the electric field lines are shown for 5 mm and
35 mm ring cross section diameters. Only the lowest part of the TPC is shown, where the strongest
field to the wall and the strongest disturbance to the drift field occur. For 5 mm rings the highest
field is 0.39 MV/cm and the electric field lines are rather non-uniform; for 35 mm rings the highest
field is reduced to 0.18 MV/cm and the electric field lines are much more uniform.

In order to minimize the weight of the field-shaping rings and to increase the drift volume a
race-track cross-section shape was then simulated, as can be seen in Figure . We find that the
optimal race-track shape has a thickness of 1.6 cm, a height of 3.4 cm and an inner radius of
8 mm. In this configuration electric field values up to 0.187 MV/cm are obtained between the
cathode plate and the side wall, which is slightly higher compared to the round rings. On the other
hand, the active volume is increased and the weight of the field cage is significantly reduced. The

web page: http://www.comsol.com/
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Figure 2. Different field shaping ring diameters were simulated. On the left picture the field-shaping ring
diameter is 5 mm and on the right picture 35 mm. The electric field strength is given by the color range and
the electric field lines in the drift volume are shown in white. Note that the color scales are different for the
two pictures.
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Figure 3. Final design of the TPC field cage. The electric field strength is given by the color range and the
electric field lines in the drift volume are shown in white.



Figure 4. Left: Picture of the TPC with the 125 field shaping rings. Right: View inside the TPC with the
mounted Greinacher/Cockroft-Walton circuit visible on the side.

maximal electric field is still much lower than the breakdown strength of liquid argon, expected
to be 1.1-1.4 MV/cm [19]. The optimal pitch for placing the field-shaping rings is 4 cm, with a
space between the rings of 5 mm. This results in 125 rings mounted in a column to build the field
cage, each of them having an outer diameter of 40 cm. With the cathode plate at a design voltage
of 500 kV the potential difference between two rings is 4 kV, providing the design drift field of
1 kV/cm. In Figure 3 also the resulting electric field strength and the electric field lines in the TPC
are shown. The field variations in the middle of TPC are smaller than 0.1% and at 150 mm distance
from the center the field variations are less than 0.5%, which is well within the surface readout of
20 20 cm?.

The Greinacher high voltage circuit presented in Section 2.3 is placed inside the field cage in
order to minimize the electric field at the surface of its small structures with radius less than one
millimeter. Inside the TPC the drift-field is only slightly disturbed by the Greinacher circuit.

In Figure 4 the assembled TPC is shown with 125 field-shaping rings.

These are made of solid aluminum, polished and gold plated to obtain a very clean and inert
surface. The total weight of the field cage with the wire planes is about 250 kg. The supporting
structure holding the field cage is made out of PAI (Polyamidimid + Ti0, + PTFE), which keeps
its mechanical strength from -200 C to +250 C, allowing for operation in liquid argon. Other
characteristics of PAI are its extremely low thermal expansion for a plastic (30 10 ® K ! at room
temperature), very high electric resistivity (2 10'> W), very high mechanical stability (tensile
strength of 218 MPa at -196 C), high stiffness, excellent impact resistance and very good radiation
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