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Abstract

The results reported in this paper are based on the analysis of the data recorded with the first half-module of the

ICARUS T600 liquid argon Time Projection Chamber (LAr TPC), during a technical run that took place on surface in

Pavia (Italy). We include results from the linearity, uniformity and calibration of the electronics, measurements on the

electron drift velocity in LAr at different electric fields, as well as the LAr purity achievement of the detector. Two

complementary techniques were used to measure the drift electron lifetime inside the active volume: the first, from the

data of a purity monitor, gives a measurement localized in space; the second, based on the study of the signals produced

by long minimum ionizing tracks crossing the detector, provides a LAr volume averaged value. Both methods yield

consistent results over the whole data taking period and are compatible with an uniform LAr purity over the whole

volume. The maximal drift electron lifetime value was recorded before the run stop and was about 1:8 ms: From an

interpretation of the observed drift electron lifetime as a function of time, we conclude that the adopted technology

would allow for drift distances exceeding 3 m:
r 2003 Elsevier B.V. All rights reserved.

PACS: 29.40.Gx; 29.40.Vj; 29.85.+c; 29.90.+r

Keywords: Liquid argon; TPC; LAr purity; Electron drift velocity
1. Introduction

The ICARUS T600 liquid argon (LAr) detector
[1] (see Fig. 1) consists of a large cryostat split in
two identical, adjacent half-modules, each of 3:6�
3:9� 19:9 m3 internal dimensions. Each half-
module is an independent unit housing an internal
detector composed of two Time Projection Cham-
bers (TPC), a field shaping system, monitors and
probes, and of two arrays of photo-multipliers
(PMTs). The cryostat is externally surrounded by
a set of thermal insulation layers. The TPC wire
read-out electronics is located on the top side of
the cryostat. The detector layout is completed by a
cryogenic plant made of a liquid nitrogen cooling
circuit and of a system of LAr purifiers. More
details on the ICARUS T600 can be found
elsewhere [2].

A liquid argon TPC detecting the ionization
charge released at the passage of charged particles
in the volume of LAr, allows for three-dimensional
image reconstruction and for calorimetric mea-
surement of ionizing events. The detector,
equipped with an electronic read-out system,
works as an ‘‘electronic bubble chamber’’ employ-
ing LAr as ionization medium. Unlike traditional
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Fig. 1. Cut view of the ICARUS T600 module.
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bubble chambers, limited by a short window of
sensitivity after expansion, the LAr TPC detector
remains fully and continuously sensitive, self-
triggerable and without read-out dead time. The
time when the ionizing event occurred (the so-
called ‘‘T0 time’’ of the event) can be determined
by detection from the PMT arrays of the prompt
scintillation light [3].

A uniform electric field applied to the medium
makes the ionization electrons drift onto the
anode, following the electric field lines; owing to
the low transverse diffusion of the ionization
charge, the electron images of ionizing tracks are
preserved. Successive anode wire planes, biased at
different potentials and oriented at different
angles, make possible the three-dimensional re-
construction of the track image. While approach-
ing a plane, the electrons induce a current on the
wires near which they are drifting; when moving
away after crossing the plane, a current of opposite
sign is induced. By appropriate biasing, the first
planes can be made non-destructive (Induction

planes), whereas the charge is finally collected in
the last plane (Collection plane). Each wire plane
provides an independent view of the event.

In an ICARUS T600 half-module the two
identical TPCs, referred to as left and right

chambers, are separated by a common cathode.
Each TPC consists of three parallel wire planes:
the first, facing the drift region, with horizontal
wires (Induction plane); the other two with the
wires at 760� from the horizontal direction
(Induction and Collection planes, respectively).
The wire pitch is 3 mm: The maximum drift path,
i.e. the distance between the cathode and the wire
planes, is 1:5 m and the nominal drift field
500 V=cm (a 3 m drift is foreseen for future
ICARUS modules).

Each signal wire of the chamber is indepen-
dently digitized every 400 ns: The electronics was
designed to allow continuous read-out, digitization
and independent waveform recording of signals
from each wire of the TPC. The measurement of
the T0 time of the event together with the electron
drift velocity information, provides the absolute
position of the tracks along the drift coordinate.
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A fundamental requirement for the performance
of the liquid argon TPC is that electrons produced
by ionizing particles can travel ‘‘unperturbed’’
from the point of production to the collecting
planes. To this end impurities in the liquid
must be reduced to a very low level. In order to
ensure stable performance of the device, the
purity must be preserved in the dewar hosting
the inner detector for the longest possible period
of time.

The major electronegative impurities in liquid
argon which are of importance for the TPC are
electron attaching oxygen and/or fluorinated or
chlorinated compounds. To achieve long electron
drift paths the liquid must be free of these
impurities, which will otherwise decrease the
electron collection efficiency. To reach a negligible
attenuation over the full drift distance, the
concentration of impurities must be kept at the
level of less than 0.1 part per billion (ppb)
oxygen equivalent. Standard commercial LAr has
a much higher contamination (typically a few parts
per million oxygen equivalent); moreover, LAr can
be contaminated inside the cryostat from out-
gassing of the walls and TPC components (elec-
trodes, cables, etc.). The required purity is
therefore achieved with the help of a continuous
purification of the liquid via the method of
recirculation. A considerable amount of R&D
has been performed in order to master this
purification process [1]. A detailed description
of the T600 purification system can be found
elsewhere [2].

The level of purity inside the LAr volume is
controlled on-line by an array of dedicated
devices, called ‘‘purity monitors’’ [2,4]. The purity
monitor consists of a small double-gridded drift
chamber, immersed in the LAr volume outside the
imaging region. Bunches of electrons are extracted
from the cathode via photo-electric effect by
means of UV light spots generated by a Xe
lamp, transported onto the photo-cathode
by a quartz fiber. During the electron drift
(16 cm distance), attachment to impurities may
take place reducing the amount of charge collected
by the anode compared to the charge extracted.
The ratio of these charges is a function of the
drift electron lifetime in LAr, that can therefore
be estimated. The lifetime is directly related
to the impurity concentration by an inverse
linear relationship. The lifetime estimation thus
provides a direct measurement of the LAr
impurity content.

Another method based on the off-line analysis
of long minimum ionizing tracks traversing a large
fraction of the drift space between the cathode and
the anode planes, was applied for an independent
lifetime estimation and is reported in this paper.
This method is of major interest since the detailed
imaging of the tracks allows to directly observe the
exponential attenuation of the collected charge as
a function of the drift time. This information is
richer than the simple ratio obtained with the
purity monitors.

The comparison between the drift electron
lifetimes measured by the purity monitors and
with the minimum ionizing tracks is also relevant
since these measurements are done at different
electric fields: 0.05–0:15 kV=cm for the purity
monitors and 0.3–1 kV=cm for the tracks. In
Section 6, we show that these measurements are
consistent among them. This implies that over the
adopted electric field values, the dependence of the
electron attachment cross-section is weak. These
measurements can therefore be interpreted as
direct probes of the remnant impurities in the
liquid.

The first T600 half-module was fully instrumen-
ted during the year 2000, including the electrical
connections and cabling to the outside electronics
and DAQ. After assembly, the detector was
activated for a technical run that took place on
surface in Pavia (Italy) during summer 2001 and
which lasted about 3 months. During this period
the detector performance was extensively studied
and more than 25 000 cosmic-ray events were
recorded [2].

The paper is organized as follows: the off-line
track reconstruction technique and the electronics
calibration are described in Sections 2 and 3,
respectively. The results on the determination of
the electron drift velocity as a function of the
electric field are given in Section 4. Finally,
Sections 5 and 6 are devoted to the LAr purity
measurements and their interpretation in terms of
the detector performance.
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2. Event reconstruction

When an ionizing event occurs in the detector
active volume the DAQ system continuously stores
the charge information (signal waveform) collected
by each wire during the drift of electrons. In Fig. 2
we show, as an example, the complete view of one
event with multiple parallel tracks (presumably
muons) recorded with the T600 detector. The
display corresponds to the projection of the event
given by the collection view of the left chamber,
and has been split in two (top and bottom)
pictures. The horizontal axis corresponds to the
wire coordinate (17 m total length) with the wire
pitch of 3 mm and the vertical to the drift
coordinate ð1:5 mÞ sampled every 400 ns: The gray
level of the pixels represents the pulse height,
proportional to the collected charge. Tens of long
parallel minimum ionizing tracks (dark thin lines
over light gray background) traveling across the
drift volume can be easily identified. The length of
these tracks in space is about 2:5 m:

The goal of the reconstruction procedure is to
extract the charge deposited by the particle along
the ionization track and the point where such a
deposition occurred, in order to build a complete
spatial and calorimetric picture of the event. The
basic building block of a track (called ‘‘hit’’)
corresponds to the segment whose ionization
charge is read by a single wire of the readout
Fig. 2. Event with multiple parallel tracks (collection view on

the left chamber) recorded with the T600 detector. The display

of the event has been vertically split in two parts of 8 m (top)

and 9 m (bottom) length, respectively. The wire coordinate is

shown on the horizontal axis, whereas the overall drift time

(vertical axis) corresponds to 1:5 m of drift distance.
planes. The hits are automatically reconstructed in
each wire by a suitable algorithm.

The waveform of a signal recorded on a wire of
the collection plane for the event shown in Fig. 2 is
reported in Fig. 3. On the top plot, showing the
full time spectrum (4096 time samples of 400 ns
each), up to four hits from different muon tracks
can be clearly identified above the baseline.

The extraction of the physical parameters from
the waveforms can be performed by using analy-
tical functions. The expression used to fit the
collection view waveforms is the following func-
tion of the drift time ðtÞ:

FcðtÞ ¼ B þ A
e�ðt�t0Þ=t

1þ e�ðt�t0Þ=Rt
ð1Þ

where A is proportional to the peak pulse height, t0
is the signal peak time, Rt and t are the signal rise
and decay times, respectively, and B the baseline.
Expression (1) is quite flexible and able to
reproduce different data by means of five para-
meters. The bottom plot of Fig. 3 shows a zoom
and the result of the fit in the region surrounding
the first hit. Despite the fluctuations of the
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Fig. 3. Example of a collection view signal waveform. Full drift

time (top) and zoom in a time window around the first hit

maximum (bottom). The continuous line shows the result of the

fit with the function given in Eq. (1). A time sample corresponds

to 400 ns:
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waveform determined by the electronic noise, the
signal pulse is well reproduced by the fit.

Because of a fast signal shaping (RC few ms), the
hit amplitude (units of [ADC�sampling time]) is
obtained by numerical integration of the fitted
signal function above the baseline. The charge DQ

(expressed in fC) is obtained by conversion of the
hit amplitude with the appropriate calibration
factor extracted from the test-pulse calibration of
the electronic chain (see Section 3). The hit
position is also computed on the induction views
to be used in the spatial reconstruction.

The event spatial reconstruction of each indivi-
dual track consists of (1) a pattern recognition
stage, based on the search for a set of aligned
points amongst the hits selected by the hit finding
algorithm, and (2) of a linear fit procedure through
the hits, to calculate the parameters (slope and
intercept) of the track in the three independent
two-dimensional frames defined by each of the
wire planes. The track direction in space is
obtained without ambiguities by combining at
least two of the three pairs of parameters. This
allows to calculate the track angle with respect to
the collection plane where the deposited charge is
measured. The effective track pitch length ðDzÞ in
space (effective portion of the track exposed to the
wire) is then given by

Dz ¼
d

cos g
ð2Þ

where d ¼ 0:3 cm is the wire pitch and g is the
angle formed by the track direction and the
direction of the collection wire pitch.

Once the track is reconstructed the electron drift
velocity can be measured by using tracks crossing
both the cathode and the wire planes of the
chamber (see Section 4). The LAr purity level,
expressed in terms of electron drift lifetime can
also be estimated from the attenuation of the
collected hit amplitude with the distance, as shown
in Section 5.
3. Calibration of the read-out electronics

The T600 electronic chain is composed of three
basic units [4]:
(1)
 the decoupling board, which receives analogue
signals from the TPC wires and passes them to
the analog board;
(2)
 the analog board, which houses the signal
amplifiers and provides the data conversion at
40 MHz rate for 16 multiplexed channels (each
corresponding to a single wire);
(3)
 the digital board, with the circular digital
buffers and the VME interface.
Three sets of calibration capacitances were
installed along the read-out electronic chain in
order to verify the linearity and to calibrate the
system: the first, placed on the analog board before
the front-end pre-amplifier (3% RMS error on the
nominal capacitance value); the second, positioned
on the decoupling board (3% RMS error); the
third, mounted on the far end of the read-out wire,
immersed in LAr. The use of different test
capacitances allows to disentangle various sys-
tematic effects possibly due to fluctuations in the
value of the test capacitances themselves.

The test pulses used to perform the calibration
of the read-out chain had a step function shape.
The values of the injected charge (ranging from 3
to 90 fC) allow a check of the electronics linearity
from 1 to about 30 m:i.p. equivalent charge
deposition. The test pulse waveforms were ana-
lyzed by using the standard hit finding algorithm
for ionizing tracks, each waveform signal being
fitted with Eq. (1) and the hit amplitude calculated.

As an example, Fig. 4 shows the measured
charge for a 23 fC test pulse injected on the
decoupling boards of the 5728 collection wires,
together with the distribution of measured hit
amplitudes on all wires fitted with a Gaussian
(inset of Fig. 4). The observed RMS is consistent
with the expected value from the intrinsic spread
of the test capacitances. Similar compatible results
were obtained using test pulses injected on the
analog boards.

The linear behavior of the global calibration
curve using the analog board test data is presented
in Fig. 5. The mean value of the Gaussian fits is
plotted as a function of the injected charge. The
straight line fit provides the calibration factor,
ð15272Þ � 10�4 fC/[ADC�sampling time] (error
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from the fit), and demonstrates the linearity of the
read-out chain over a wide range of deposited
charge. The individual wire-to-wire fluctuations of
the calibration factor follow the spread on the
nominal value of the capacitances ð73%Þ:
4. Measurement of the electron drift velocity

The electrons released by ionizing particles
crossing the LAr volume are transported towards
the anode planes with an electric field-dependent
drift velocity vd: The knowledge of the drift
velocity is necessary to reconstruct the track
coordinate along the drift direction.

The electron drift velocity depends not only on
the value of the electric field but also on the LAr
temperature. The stable LAr temperature condi-
tions obtained during the T600 technical run
(maximum DTp1 K [2,5]) allow to outline the
drift velocity behavior as a function of the electric
field without local distortions.
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Three different samples of data were used for
the vd measurements: (1) single, long minimum
ionizing tracks crossing the volume from anode to
cathode or vice versa, (2) large shower events
extending over the whole drift region, and (3)
signals from the purity monitors. In all three cases
the drift velocity was extracted from the ratio of
the cathode–anode distance and the measured
electron drift time: vd ¼ lCA=tCA:

For the two first data samples (single tracks and
showers) lCA is the maximum drift distance for
cooled detector conditions ð1482 mmÞ: The drift
time tCA is obtained using the recorded signal
waveforms from the two wires corresponding to
the entry point and to the exit point of the tracks.
In the purity monitor sample, lCA is the distance
between the anode and cathode grids ð160 mmÞ
and tCA is the measured drift time of the electron
bunch between the two grids.

The measured values of the electron drift
velocity from the three data samples at different
electric fields ðj~EE jÞ are reported in Table 1. These
values corrected for temperature are consistent
Table 1

Measured values of the drift velocity ðvdÞ for different electric

field strengths ðj~EE jÞ at T ¼ 89 K from physical events and

purity monitor data samples

j~EE j vd Event type

(kV/cm) ðmm=msÞ

Imaging sample

0.304 1:16970:003 Tracks

0.405 1:38570:005 Tracks

0.506 1:55170:015 Tracks

1:5670:02 Shower

0.607 1:68270:012 Tracks

1:6870:02 Shower

0.708 1:79270:025 Tracks

1:7870:03 Shower

0.810 1:89370:025 Tracks

0.911 1:96470:006 Tracks

1.012 2:05770:011 Tracks

2:0370:03 Shower

Purity monitor sample

0.056 0:28970:002
0.075 0:38170:006
0.1 0:49970:010
0.15 0:69470:008
with data previously measured by using smaller
detector prototypes [6,7]. For the minimum ioniz-
ing tracks and shower events, the error on the
determination of the drift velocity due to the
dispersion of the measurements includes (1) the
precision on the knowledge of the cathode–anode
distance, that can locally vary because of the non-
perfect planarity of the cathode (less than 5 mm),
and (2) by the small gradients of temperature
inside the LAr volume.

The compilation of the results for drift velocities
at low (purity monitors) and high electric fields is
presented in Fig. 6 (points) together with the result
of a 5-parameter polynomial fit to the data (solid
line). The polynomial function describes very well
the behavior of vd over the whole range of electric
fields. For comparison, the prediction from the
empirical function proposed in Ref. [8], calculated
at the nominal temperature of 89 K; is also shown
(dashed line). The two results are in good
agreement.
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5. Drift electron lifetime and LAr purity

Argon purification is performed by means of a
liquid and a gas recirculation systems. On top of
the detector, the recirculation of the gas phase is
implemented by flowing the gas through commer-
cial purification cartridges.1 The recirculation in
liquid phase is performed by a pump which forces
liquid argon into similar commercial cartridges.

The main purpose of the liquid recirculation
unit is to purify the bulk LAr volume until the
purity level for efficient operation is reached. The
gas recirculation unit prevents impurities coming
from potential leaks on top of the container (from
flanges or feedthroughs) or from outgassing of the
‘‘hot’’ portions of the detector (e.g. readout cables
inside the chamber but not immersed in the LAr,
etc.) to diffuse into the liquid volume.

In the next subsections, we describe the two
methods used to measure the drift electron life-
time. The method described in Section 5.1 is based
on the use of the purity monitors that provide an
on-line and local estimate of the drift electron
lifetime. The second method, treated in Section
5.2, is based on the off-line analysis of the collected
events, by studying the attenuation of the signal
amplitude as a function of the electron drift
distance.

5.1. Measurements with the purity monitors

The purity monitor geometry and the applied
electric field are such that the method is sensitive
up to several milliseconds lifetime with errors at
the level of o10% [2]. The purity monitors were
positioned at different heights in order to follow
the drift electron lifetime level during the filling of
the cryostat, to provide redundant readings during
the steady-running phase, as well as indications on
any possible lifetime gradient in the volume.

The drift electron lifetime evolution measured
by the purity monitor located close to the
extraction point of the LAr recirculation system
(in one corner of the volume, at about 3:6 m height
from the bottom of the cryostat) is reported in
Fig. 7 (dots). The first data points indicated a
1Oxysorb and Hydrosorb from Messer-Griesheim.
value in the range of 250 ms: The electron life-
time increased steadily when the recirculation
systems were operated. At the run stop, the
lifetime reached a maximum value of about
1:8 ms (78% error) and was still growing. The
trend in Fig. 7 clearly shows how the steady
increase of the drift electron lifetime was inter-
rupted during the period when the liquid recircu-
lation was turned off. Running in absence of
liquid recirculation allowed us to directly estimate
the amount of impurities diffusing into the liquid
argon volume (see Section 6).

5.2. Measurement from minimum ionizing tracks

This method can be summarized as follows:
after the spatial reconstruction of the track, we
consider the distribution of the charge measured
on the collection wires ðDQÞ for 15 slices of the
drift coordinate (10 cm wide each). For each slice,
the value of the most probable charge released by
the track ðDQmpÞ is extracted by fitting the
distribution to a Landau function, convoluted
with a Gaussian function that describes the effect
of the electronic noise of the read-out system.
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DQmp corresponds to the most probable value of
the fitted distribution. Once this procedure is
applied to all slices, the electron lifetime is given
by an exponential fit of DQmp as a function of the
drift coordinate.

Fig. 8 shows the result of such a fit obtained for
selected tracks of the event shown in Fig. 2. The
inverse of the slope gives a drift electron mean free
path of 220 cm corresponding to a drift electron
lifetime of 1:4370:07 ms (error from the fit). This
value can be considered as the average electron
lifetime within the chamber, since the chosen
tracks span the full liquid argon volume in a
rather uniform way. The quoted error is domi-
nated by the statistical error on the determination
of the most probable value for each slice.

The measured value of the electron lifetime te
can be used to account for the charge attenuation
occurring during the drift process and to recon-
struct the ‘‘corrected charge’’ DQcor released by the
track:

DQcor ¼ etd=teDQ ð3Þ

where DQ is the charge measured on the wire and
td is the drift time associated to the hit, obtained
from the peak time of the hit and the T0 of the
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minimum ionizing tracks crossing the detector (event in Fig.

2): exponential fit of the most probable value of the measured

charge as a function of the drift distance (15 slices). The number

of equivalent electrons is indicated on the right vertical axis.
event. The overall distribution of DQcor from the
tracks of the event shown in Fig. 2 is reported in
Fig. 9, together with the result of a fit to a Landau
convoluted with a Gaussian function (solid line).
The value of the most probable corrected charge
released ðDQmpÞ corresponds to 4:7070:03 fC;
equivalent to about 29 300 electrons, for an
effective track pitch length of DzC0:61 cm:

The same procedure was used to extract the
electron lifetime at different data periods. The
summary of the obtained values of te as function
of time is reported in Fig. 7 (squares).
6. Interpretation of the electron drift lifetime data

As shown in Fig. 7, there is a rather good
consistency between the purity monitor measure-
ments and the values of the electron lifetime
obtained using long minimum ionizing tracks.
The measurements performed with data from
cosmic rays confirm the evolution of the LAr
purity level as observed with the purity monitor.
Moreover, this measurement demonstrates a good
uniformity of the LAr purity over the whole
volume within the measurement precision, being
the tracks randomly distributed in the liquid argon
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volume unlike the purity monitor which gives a
punctual measurement.

The concentration of impurities in the LAr
volume, N; is determined by (a) the purification
process and (b) the continuous input of impurities,
both functions of time. The differential equation
that describes the time-evolution of N can be
written as

dN

dt
¼ � FoutðtÞ þ FinðtÞ ¼ �

NðtÞ
tc

þ F0
in þ

A

ð1þ t=t0Þ
B

ð4Þ

where the first term takes into account the
purification process, with a characteristic purifica-
tion time tc given by the time needed to circulate
the whole LAr volume (about 4.5 days for the
T600 half-module). The second term F0

in represents
a constant input rate of impurities. Finally, the
outgassing of material in contact with the argon is
taken into account by the third term with a time
power-law. The t0 time is fixed relative to the time
at which the dewar started to be cooled, while A

(normalization factor) and B (that governs the
outgassing speed) are extracted from the fit of the
data to Eq. (4).

Asymptotically, the best possible reachable level
of purity is given by the equilibrium between the
input of impurities and the purification speed. This
value is determined by the product of the
recirculation time and the constant input of
impurities, F0

intc; since the outgassing, dominant
source of impurities at the beginning, tends to zero
for infinite time.

The result of the fit of the purity monitor data
with Eq. (4) (solid line in Fig. 7) gives a constant
input factor compatible with zero, F0

in ¼ ð575Þ �
10�3 ppb=day oxygen equivalent. The fitted values
for the outgassing parameters are A ¼ 0:337
0:07 ppb=day and B ¼ 1:3970:05: Hence, we
conclude that there is an indication for a time-
dependent contribution, typical of an outgassing
process. Given the experimental sensitivity, the
constant input rate is consistent with zero.
Accordingly, the results are consistent with the
assumption that the dominant source of out-
gassing is located in the ‘‘hot’’ parts of the detector
(e.g. readout cables outside the liquid, etc.) and no
significant time-independent contribution (leak,
etc.) that would limit the asymptotic purity level.
Under these assumptions, one can extrapolate the
fit to infinite time to find an asymptotic drift
electron lifetime \13 ms (dashed line in Fig. 7).
This result makes us confident about the under-
standing and the control of the liquid argon purity.
7. Conclusions

In this paper we have reported measurements
concerning the liquid argon purity achieved with
the first half-module of the ICARUS T600
detector. The data were recorded in a technical
run that took place at surface with cosmic rays.

Results from the electronics calibration using
test pulse events on test capacitances at different
voltages have been presented. A linear behavior
over a charge range from 1 to about 30 m.i.p.
equivalent is observed.

A detailed study of the free electron drift
velocity dependence on the electric field has been
performed. Three different types of data (from
purity monitors, from single muon tracks and
from shower events) were used to cover low
(0.056–0:150 kV=cm) and high (0.3–1 kV=cm)
electric field domains. The results presented here
are in good agreement with earlier published
measurements.

Two independent and complementary techni-
ques were used to measure the evolution of the
LAr purity during the run. The first one, based on
dedicated devices called purity monitors, provided
on-line values of the drift electron lifetime at
localized points inside the LAr volume. The
second method uses long minimum ionizing tracks
and is based on the study of the attenuation of the
signal amplitude with the drift distance. Both
methods show consistent results over the whole
data taking period. Since the selected tracks were
randomly distributed over the volume, the com-
patibility between the purity monitor and the
tracks is consistent with a uniform purity within
the whole volume.

Since the measurements performed with the
purity monitors and the tracks occurred at
different electric fields, the comparison between
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the drift electron lifetime obtained with the two
methods is a test of the dependence of the electron
attachment cross-section on the electric field. We
find that in the range 0.05–1 kV=cm; the depen-
dence of the attachment cross-section is weak. This
measurement is therefore a direct probe of the
remnant impurities in the liquid.

At the end of the run the drift electron lifetime
reached a maximum value of about 1:8 ms;
equivalent to an electron mean free path longer
than 280 cm; and was still increasing. These results
are consistent with a vanishing leak rate (smaller
than 0:01 ppb=day). It appears that the drift
electron lifetime was not limited by the low
observed constant leak of impurities but only by
the total duration of the test run. These results give
us confidence that the drift distances in future
ICARUS modules could be expanded to at least
3 m with no major modifications of the present
technology.
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