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ABsTRACT: A novel liquid argon purity monitor based on a 2°’Bi radioactive source, emitting
monochromatic internal-conversion electrons, is presented. This new monitor allows for a very
precise and fast measurement of the electronegative impurities concentration in liquid argon. It
can be operated continuously in liquid argon TPC experiments without interfering with the main
detector operation. Different drift lengths can be assembled for the proposed device, to assess a
large range of liquid argon purities while minimizing systematic uncertainties. Two prototypes
have been built and successfully operated in dedicated test stands. The results and performance are
reported.
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1 Introduction

Liquid Argon (LAr) has emerged as the preferred material target for numerous current and future
experiments aimed at detecting neutrinos and exploring unexpected phenomena in astro-particle
physics. Notably, the Liquid Argon Time Projection Chamber (LArTPC) technique, introduced
by C. Rubbia in 1977 [1], provides high-resolution imaging of charged particles on the millimeter
scale by collecting ionization electrons that drift toward the anode wire planes in a uniform electric
field [2].

The collected charge signal is subject to attenuation due to the recombination of ionization
electrons and argon ions, which depends on the applied drift field; at a typical 500 V/cm electric
field the recombination is about one-third of the initial ionization charge [3].

Additionally, the signal can be further attenuated by the absorption of the ionization electrons
by electro-negative impurities such as O, present in the liquid argon. The related attenuation is
described by an exponential decay function, ~ exp(—tp/7.), where tp is the drift time and 7, is the
free electron lifetime. In currently operating LArTPCs, free electron lifetimes exceeding ~ 10 ms
(corresponding to ~ 30 p.p.t. of O, residual impurities) are routinely achieved [4—6], resulting in a
signal attenuation of ~ 6% per meter of drift for a 500 V/cm field (vp ~ 1.5 mm/ps).

Monitoring liquid argon purity during LArTPC operation is crucial, and the associated electron
lifetime can be assessed by measuring signal attenuation along cosmic muon tracks that span the
entire drift volume [4]. However, for deep-underground experiments, cosmic muon signals are
rare and only available when the detector is fully filled and operational. To address this issue, a
specialized UV-based liquid argon purity monitor was developed by G. Carugno et al. during the
early phases of the ICARUS LArTPC research and development [7] and is presently utilized by
most of the operational LArTPCs.

An alternative approach based on a >’ Bi radioactive source along with a new, better performing
setup is proposed.



2 The new 2Y"Bi argon purity monitor

The most widely used LAr purity monitors are double-gridded TPCs where an electron cloud is
generated on the cathode by photoelectric effect from a Xenon lamp UV light flashes, routed to the
cathode by a fiber bundle. The electron signal attenuation is given by the ratio of charge reaching the
anode (Q 4) and the one leaving the cathode (Q¢), measured at each light flash. The corresponding
electron lifetime is determined as Q 4/Q¢ = exp(—tp/Te).

A novel purity monitor concept based on a 2’Bi radioactive source, which decays to 2°’Pb
by emitting monochromatic internal-conversion (IC) electrons primarily at ~ 976 keV and at
~ 1048 keV, is proposed. The excited 2°’Pb can transition to its ground state by emitting gamma
rays or IC electrons up to 1.7 MeV. The gamma rays at approximately 1063 keV generate Compton
electrons, producing a Compton edge at ~ 860 keV, which is energetically close to the two IC
electron signals around ~ 1 MeV (see figure 1).

This source is frequently used in ultrapure cryogenic environments and is employed in noble
liquid-based experiments for calibration purposes with IC electrons. Historically, 2°/Bi has been
used to investigate the energy resolution of liquid argon calorimeters and to measure liquid argon
purity at the parts per million (ppm) level [9, 10].

Energy  Transition Relative
[keV) ntensity
10.8 PbL,,-My 50
13.0 PbL;-My 25
72.8 PbK-L 1800
75.0 Pb K-L,; 3700
84.9 Pb K-M;;_u 1460 3000
87.3 Pb K~N;.m 155 ; . 976 keV
5538  PbL,conv 18 2500 | Bi-207 in LAr AE=32[26 keV]
554.4 Pb L, conv 20
556.6 Pb L}, conv 5
566.0 Pb M conv 15 c 2000
569.6 Pb y 9775 Compton fo) 1048 keV Test
edge: 408 U ysgp © 481 keV Pulse
8977 Pby 12 $
975.6 Pb K conv 719 s 555 keV
1047.8  PbL,conv 132 1000
1048.4 Pb L conv 35
1050.6 Pb L, conv 1 500 -
1060.0 Pb M conv 59
1063.6 Pby 7408 Compton
edge: 858 0 * e — * = -
14422 Pb y 13 0 200 400 600 800 1000 1200 1400 1600
1682.2 Pb K conv 2 ELECTRON ENERGY (keV)
1770.2 Pb vy 701 Compton
edge: 1546
Escape
peaks: 1259
748

Figure 1. (left) Transitions and their relative intensities of 2°’Bi. (right) Pulse height spectrum of the 2°’Bi
radioactive source in liquid argon at a drift field of 10.9 kV/cm [9]. The width of the IC peaks is dominated
by the electronic noise as evaluated with the test-pulse signal also included in the spectrum at ~ 1500 keV.

The design of the new monitor (PM) is derived from the previously described UV-monitors,
with some innovative concepts (figure 2). It consists of a cylindrical drift chamber with an active
LAr volume diameter of 6 cm and a drift length of the order of 10 cm.



A 27Bi source with a 5 mm diameter is embedded in the cathode. The anode is split into two
concentric areas with diameters of 3 and 6 cm respectively:

* the inner anode receives the ionization electron cloud generated by the IC electrons within
few mm from the source and drifted in liquid argon by the uniform electric field in the PM; it
also collects the ionization signal of the Compton electrons produce by ys emitted from the
source and interacting in the innermost 3 cm diameter PM volume;

* the outer anode only receives signals from Compton electrons produced in the outermost
PM volume with 3 to 6 cm radius; the energy spectra of the Compton electrons collected on
the inner and outer anodes are similar, therefore the outer energy spectrum can be used to
remove the Compton electron background from the inner spectrum, hence extracting the pure
IC electron peak.
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Figure 2. (left) Schematic of the 2’Bi-based purity monitor concept. The 5 mm source is embedded in
the cathode. The inner anode receives IC and Compton electrons, the outer anode only collects Compton
electrons. (right) Detail of the anode, split into two concentric 3 cm and 6 cm diameter areas.

The proposed new-concept purity monitor presents several advantages:

« the 297Bi source are available with activities up to 400 kBq; its half-lifetime is of 31 years,
well in excess of the designed time exposures of future detectors (e.g., DUNE [8]);

* the energy of the IC electrons is similar to a typical deposition of a minimum ionizing particle
in liquid argon collected on a 5 mm anode readout channel; therefore a cryogenic front-end
electronics similar to the one of the LArTPC could be used to readout the charge signals;

* no cathode readout is required, since the IC electron energy is known;

* the monitor can be continuously operated without interfering with the photon detection system
of the main LArTPC and also during the liquid argon filling phase;



* it can be operated at the same drift field as the main LArTPC for a direct electron lifetime

measurement;

* PMs with different drift lengths can be assembled to measure the liquid argon purity in an
extended range of values, further reducing the systematic uncertainty.

2.1 Design and construction of the monitors

Two purity monitors prototypes have been built at CERN and INFN Padova with exactly the same
layout, except for the drift lengths of 6 and 18 cm for the “short” and “long” devices (figure 3). Two
~ 37 kBq 2Y"Bi radioactive sources, protected by titanium thin foils leading to a < 4 keV energy
loss for IC electrons, are embedded into the cathodes of both PMs.

IR

S

| 3
| 4
’
,
' 4
¢
v
B
¢
14
¢
’
5y
’1

Figure 3. (left) The two purity monitor prototypes with 6 and 18 cm drift lengths. (right) Detail of the
anodes, with the pre-amplifiers mounted on their back.

The high voltage is applied on the cathode of the long purity monitor. The chain of 20 M2
resistors applied to the field cage electrodes ensures a proper uniformity of the electric field, as
described in [7]. The short PM is positioned beside the long one with the anode and the field cage
electrodes at the same level as those of the long one. This allows to derive the voltages of the
cathode and the field cage electrodes of the short PM from the electrodes of the long one. This
configuration ensures that the electric field in the long and short PMs is exactly the same allowing,
when the two PM are used simultaneously, to remove absolute calibration requirements. This is
beneficial for the measurement of high electron lifetimes, where the main systematic uncertainty is



due to the cross-calibration of the readout electronics in the two devices. Lower electron lifetimes
can be directly measured by using the short purity monitor in stand-alone mode.

High voltage feed-through and cables, developed at CERN, allow to apply voltages > 20 kV
and operate the purity monitors at a drift field up to 1 kV/cm, in the range of those of LArTPC
experiments, providing a direct estimation of the liquid argon purity at the nominal drift field.

The readout electronics consists of pre-amplifiers able to operate in LAr directly mounted
on the back of the anodes, coupled to warm buffer amplifiers and shapers installed on the signal
feed-through flange outside the liquid argon cryostat (figure 4).
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Figure 4. General layout of the electronics for the 2°’Bi purity monitors: the pre-amplifiers are mounted
on the back of the two anodes in the liquid argon to minimize the detector input capacitance and the related
electronics noise.

The charge-sensitive pre-amplifiers are based on the JFET TOTEM architecture [11] (table 1),
originally developed for cryogenic operations in the ICARUS experiment. They are characterized
by: low-power, ~ 500 e~ low-noise, ability to drive > 15 m-long output cable with no loss, and high
reliability to sustain several cryogenic cycles for > 30 years. For each PM, the pre-amplifiers are
selected with a similar response, gain, and calibration capacitance with a better than 2% accuracy.
Also, no decoupling capacitors are required, as the anodes are set at a tension of 0 V.

The signal feed-through flanges, warm receivers and signal shapers were designed and built
at INFN Padova. The warm buffer amplifier, based on a high-performance AD811 operational
amplifier, drives the signal from the pre-amplifier to the shaper. Stable bias voltages to the pre-
amplifiers are provided by DC-DC converters included in the external warm electronics.



Sensitivity ~ 0.45 mv/fC (~ 0.9 nA/fC)

Dynamic range +1.5pC
Linearity < 0.5% at full scale
Input impedance ~ 420 Q

Input capacitance ~ 20 pF

EN.C. ~(390+7xCp/pF) e”
Power consumption ~ 11 mW

Table 1. Characteristics of the charge sensitive pre-amplifier based on the TOTEM architecture [11].

An oscilloscope-based DAQ system readouts and stores the signal wave-forms for off-line
analysis of charge measurements through either peak sensing or area calculation (figure 5).

In the future, a multi-channel analyzer system, relying on peak sensing with considerably less
dead-time, is expected to replace the oscilloscope system.
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Figure 5. 2'Bi spectra acquired with the oscilloscope-based readout system. The trigger is set as the OR of
the four channels, which correspond to the inner and outer anodes of the two PM. The left panels show single
anode waveforms, while the collected spectra are shown on the right. In the inner spectra, the IC electron
peaks are visible on top of the Compton electron background.



3 Liquid argon purity measurement

Extensive tests of the developed purity monitors were performed at CERN in dedicated small liquid
argon cryostats.

A quick evaluation of the liquid argon purity can be extracted by comparing the relative IC
electron peak positions in the short and long PMs, where the systematic uncertainties are minimized
by using the same layout. On each PM, the inner and outer spectra are normalized to the more
intense Compton edge, and the outer spectrum is subtracted from the inner one to extract the IC
electron signal. The resulting peak is fitted with a double Gaussian function to account for the
two ~ 976 and ~ 1048 keV IC lines, which are merged due to the ~ 50 keV energy resolution,
routinely achieved at drift fields in the 200 — 1000 V/cm range. A statistical precision on the average
energy of ~ 0.1% is reached after a few minutes of data acquisition (figure 6). The systematic
uncertainty on the charge attenuation measured with the two PMs A/ A is dominated by the ~ 1%
cross-calibrations of the pre-amplifiers, as determined by the test capacitance accuracy.
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Figure 6. (left) 2/Bi pulse-height spectra acquired with the 60 mm long purity monitor. The inner and
the outer anode spectra are shown in red and blue respectively. The outer spectrum is normalized to inner
one accounting for the anode areas. The subtraction of the normalized outer spectrum from the inner one
yields the clean ~ 976 keV IC electron peak shown in green. The second IC electron peak at ~ 400 keV is
also partially visible after the subtraction. Test pulse signals are included between 1.2 and 1.4 V. (right) IC
electron peaks obtained with the short (60 mm drift) and long (180 mm drift) purity monitors. The ratio of
the pulse heights is used to measure the electron lifetime. The spectra shown in this picture were taken with
a drift electric field of 600 V/cm in both the long and the short purity monitors.

After the IC electron peaks are extracted, the electron lifetime 7, is evaluated as:

% = CXp(tS _tL)
Os Te

where Q; and Qg are the average pulse heights in the long and short PM respectively, and #;, and
ts are the corresponding drift times at the applied drift field. For the spectra reported in figure



6, acquired at a drift electric field of 600 V/cm, the signal attenuation Q; / Qs is ~0.96 and the
corresponding lifetime is ~0.780 ms. Figure 7 shows the electron lifetime evolution as a function
of time in one of the test runs. Measurements were performed at different electric fields, showing
no significant dependency of the lifetime on the applied field.

The signal attenuation A = Qy /Qs measured with the two PMs can be extrapolated to a longer
drift path in the main LArTPC as

Atpc = AAtrec/At
where the Atrpc and At drift times refer to the LArTPC and PMs respectively. The corresponding
relative uncertainty is

0Atpc  Atrpc 0A

ATpC At A

For a 1 ms free electron lifetime, the signal attenuation A ~ 92.6% is measured in the two 180 mm
and 60 mm PMs at a drift field of 500 V/cm (vp = 1.5 mm/ps) with ~ 1% systematic accuracy,
corresponding to Atpc ~ 51% + 8% when extrapolating A to a 1 m drift length. It follows that the
sensitivity of the present prototypes on the electron lifetime is estimated to be 3.3 ms at 90% C.L..
An improved sensitivity to larger electron lifetime values can be obtained by increasing the drift
length difference or reducing the electric field in the two PMs.

An improved cross-calibration can be achieved by operating the PMs in a cryostat together
with a LArTPC and comparing its result with electron lifetime measurements obtained evaluating
the charge signal attenuation along cosmic muons tracks crossing the TPC drift volume.

Measurements with a single PM were performed, obtaining results in agreement with the ones
from the two monitors. Notably, it was possible to detect the IC electron peak position for electron
lifetimes down to tens of ys, at a drift field of 1 kV/cm.

To further validate the performance of the 2°’Bi PMs, a fast and simple Monte Carlo simulation
has been set up [12]. The layout of each purity monitor has been described as a cylindrical
volume. Photons and electrons are randomly emitted from the 207Bj source, located on the cathode,
according to their relative emission probabilities. The interaction point for the photons is determined
according to the scattering cross section; photoelectric and pair production effects are not considered
due to their negligible cross sections. If the interaction point occurs within the PM volume, the
corresponding Compton electron energy is computed.

Because the track lengths of IC and Compton electrons do not exceed 4 mm in LAr, electrons
are considered point-like in the simulation. For each electron, the generated deposited charge is
reduced due to the electron-ion recombination and attenuated according to the electron drift path
length and the pre-defined liquid argon purity. The electron signal at the anode is smeared to
account for the resolution of the charge-readout electronics.

The simulated data are analyzed in a similar way as the experimental ones: for both the long
and the short PMs, the energy spectra are recorded. The spectrum on the outer anode is subtracted
from the one on the inner anode and the resulting distribution is Gaussian-fitted to extract the mean
energy and the width of the IC electron peak. Figure 8 shows the comparison of simulation and
experiment for a data set with ~ 180 ps electron lifetime. The agreement is highly satisfactory; this
applies also to the whole purity range explored in the test runs.
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Figure 7. Evolution of the electron lifetime as a function of time, obtained evaluating the ratio of the IC
electron peak values in the long and the short PMs. Runs taken at different drift fields are shown in different
colors, yielding compatible results. The equivalent signal attenuation between the short and the long purity
monitors is shown on the right axis for the reference drift electric field of 500 V/cm. The modulation of the
lifetime values are due to the varying LAr circulation rate in the test stand. After the test run, a small leak
was found in the circulation system, most likely responsible of the negative trend of the LAr purity with time.

4 Conclusions

A prototype of the new liquid argon purity monitor based on a °’Bi radioactive source has been
designed, constructed and extensively tested to demonstrate its feasibility and to initially characterize
the performance. LAr purities in the few tens of jis to several ms range have been assessed with
two 18 cm and 6 cm-drift length PMs with a ~ 1% systematic accuracy on the signal attenuation.
Improved sensitivities can be achieved by increasing the drift length difference or reducing the
electric field in the two PMs.

The final validation will be performed by operating the PMs in the cryostat of a LArTPC, and
comparing the PM results with those obtained evaluating the charge signal attenuation along muons
tracks crossing the TPC drift volume.

The novel purity monitor presents several advantages, as previously discussed. In particular,
it allows for a very quick high-statistics liquid argon purity measurement. The PM can be operated
continuously without interfering with the main LArTPC operation and at the same electric field.
Different drift lengths can be assembled for the proposed device, to measure the liquid argon purity
in a wide range of values while minimizing systematic uncertainties.



800

Short Purity Monitor 800 Long Purity Monitor
800 Simulation Simulation
IC peak fit=0.712V 600 IC peak fit=0.513 V

400 |,

Counts

0.2 0.4 0.6 0.8 1.0 1.2 0.2 0.4 0.6 08 1.0 1.2
Pulseheight (V) Pulseheight (V)

200

| Short Purity Monitor 1500 1 Long Purity Monitor
| Hl Experiment I""| Experiment
IC peakfit=0.717V 1000 IC peak fit=0.510V

500

Counts
Counts

-500

-1000

0.2 0.4 0.6 0.8 1.0 1.2 0.2 0.4 0.6 08 1.0 1.2
Pulseheight (V) Pulseheight (V)

Figure 8. Monte Carlo validation of the extraction of the IC electron peaks from the simulated short and
long PMs. The free electron lifetime measured in the experimental data is applied into the Monte Carlo
simulation. Data sets from a low purity (~ 180 us) experimental run are shown to demonstrate that the
energy spectra from both the long and short PMs reproduce well those derived from the experimental data
over a large signal attenuation range.
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