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Abstract: A new design for the anode of a time projection chamber, consisting of a charge-detecting

“tile", is investigated for use in large scale liquid xenon detectors. The tile is produced by depositing

60 orthogonal metal charge-collecting strips, 3 mm wide, on a 10 cm × 10 cm fused-silica wafer.

These charge tiles may be employed by large detectors, such as the proposed tonne-scale nEXO

experiment to search for neutrinoless double-beta decay. Modular by design, an array of tiles can

cover a sizable area. The width of each strip is small compared to the size of the tile, so a Frisch

grid is not required. A grid-less, tiled anode design is beneficial for an experiment such as nEXO,

where a wire tensioning support structure and Frisch grid might contribute radioactive backgrounds

and would have to be designed to accommodate cycling to cryogenic temperatures. The segmented

anode also reduces some degeneracies in signal reconstruction that arise in large-area crossed-wire

time projection chambers. A prototype tile was tested in a cell containing liquid xenon. Very good

agreement is achieved between the measured ionization spectrum of a 207Bi source and simulations

that include the microphysics of recombination in xenon and a detailed modeling of the electrostatic

field of the detector. An energy resolution σ/E = 5.5% is observed at 570 keV, comparable to the

best intrinsic ionization-only resolution reported in literature for liquid xenon at 936 V/cm.
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1 Introduction

The search for neutrinoless double beta (0νββ) decay is an active field of research. The observation

of this lepton-number-violating process would indicate that neutrinos are Majorana particles and

could constrain the absolute neutrino mass scale [1]. The planned next-generation detector (nEXO)

proposes to search for 0νββ decay of 136Xe in a 5 tonne liquid xenon (LXe) time projection chamber

(TPC) [2]. The nEXO experiment plans to build on the success of the currently operating EXO-200

experiment [3].

In EXO-200 the ionization signal is measured by two planes of crossed wires where one plane

is used as a shielding grid and the other as the charge collection grid [4]. The EXO-200 TPC is

approximately 36 cm in diameter while the diameter of nEXO will be over 1 m. At this larger

diameter, a rather substantial tensioning frame that can be temperature cycled to ∼165 K would be

required, which would pose a challenge to the required radioactivity budget of nEXO. In addition,

the larger its diameter, the more vulnerable a crossed-wire design is to ambiguity in reconstructing

the position of multiple energy deposits in the detector. Wires are also susceptible to microphonic

pickup from environmental noise. For these reasons it was suggested [5] to explore using anode

pads as an alternative readout.

To avoid issues with long crossed wires, the nEXO collaboration is investigating a segmented

anode composed of an array of tiles. Each tile consists of a dielectric substrate covered with an

– 1 –
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array of conductive strips for collecting charge. The channel segmentation offered by a tiled design

strongly mitigates the likelihood of ambiguity in the reconstructed position of the charge deposition.

As described in section 2, the charge tiles can be made using only materials that are either known

to be obtainable with extremely low radioactive contamination (such as fused silica), or employed

in minimal amounts (i.e. the thin conductive strips). Finally, no mechanically-robust tensioning

system is required.

In this paper, a prototype tile is tested in an LXe TPC, and results are compared to simulation.

The observed performance is compared to that of more traditional designs.

2 Experimental apparatus

2.1 Prototype anode tile

A 10 cm × 10 cm prototype ionization readout tile which is 300 µm thick was fabricated by the

Institute of Microelectronics of the Chinese Academy of Sciences. The tile substrate is a fused-silica

wafer with 60 electrically isolated strips (30 “X" strips and 30 orthogonal “Y" strips). Strips are

made by depositing layers of Au and Ti onto the silica wafer surface.

Each strip is approximately 10 cm long consisting of 30 square pads, which are 3 mm across

the diagonal and daisy-chained at their corners. This geometry maximizes the metallic cover of the

substrate, reducing the risk of charge accumulation, and minimizes the capacitance at the crossing

between strips. Layers of 1.5µm thick SiO2 are used at the crossing points of X and Y strips to

provide electrical isolation. The capacitance at each crossing is 80 fF, assuming that the conducting

structures are 0.5 µm thick gold. This results in a capacitance of 0.57 pF between pairs of crossed

strips and a capacitance of 0.86 pF between adjacent parallel strips. In addition a resistance of ∼5Ω

at LXe temperature is expected along each single strip on the tile. A diagram of the tile mounted

on a stainless steel support used for testing is shown in figure 2 with details of the strip geometry

and orthogonal strip crossing in the insets.

The design of the tile tested here is representative of what is currently proposed for nEXO,

although parameter optimization is still under way. The integration concept for the nEXO charge

collection plane composed of many such charge tiles covering the anode surface is shown in figure 1.

This represents a departure from the crossed wire plane design adopted by EXO-200 and avoids

the need to provide a substantial tensioning frame that is both cryogenic compatible and meets the

required radioactivity budget. This approach does not use a Frisch grid but offers the advantage

of additional channel segmentation to reduce possible ambiguity in reconstructing the position of

individual charge clusters in events with multiple charge depositions.

2.2 Test cell

In this test setup, the anode mounting plate is inserted into a liquid xenon time projection chamber

(TPC) as shown in figure 3 and figure 4. This TPC is used to characterize the performance of

prototype anode tiles in LXe. The TPC is built from a 12 in ConFlat spool-piece and two flanges.

The body of the TPC is 304 stainless steel with a 30 cm outer diameter and a 13 cm height. Both

TPC anode and cathode mounting plates are approximately 20 cm in diameter. The prototype tile

is mounted at the center of the anode plate as shown in figure 2. The drift length can be varied

– 2 –
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Figure 5. Schematic diagram of the charge-sensitive preamplifiers used in this study. The input JFET,

J1, is a commercial off-the-shelf BF862, at about 5 mA drain current. The current is set mostly by the

series R2 and R3, and is boosted as needed by R1. The transistor J2 acts as a cascode to improve dynamic

performance and increase the open-loop gain at medium to high frequencies. The presence of the operational

amplifier U1 guarantees a very large value for the open-loop gain of the circuit to minimize potential crosstalk

among adjacent strips. The second stage of gain is optional, but in this case was used to match the DAQ

dynamic range.

At a field of 936 V/cm, the drift velocity of electrons in LXe is approximately 2 mm/µs as

measured in [13]. This gives a maximum drift time of 16.6 µs at the drift length of 33.2 mm. This is

later confirmed by comparing the observed peak drift time in data to that in simulation, as shown in

figure 6. The digitized waveforms are 42 µs long (1050 samples) and include 11 µs (275 samples)

before the PMT trigger. A sample event is shown in figure 7, which also shows how strip channels

are grouped for readout.

4 Data analysis

Once acquired, the digitized data is processed to extract parameters such as waveform energy, PMT

amplitude, pulse rise times and delay between PMT trigger and charge collection. Each event

contains 30 charge-channel waveforms. Data analysis to extract a good quality energy measurement

proceeds in two phases. First the output of each channel is analyzed separately to look for individual

signals. Depending on the results of this first pass, channels are then grouped together to determine

the total energy deposited in the LXe. In the initial signal finding stage each charge-channel

waveform is processed as follows:

– 7 –
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5 Detector simulation

The simulation of the detector is split into two independent stages. The first stage uses a

GEANT4-based application [14, 15] in addition to the Noble Element Simulation Technique (NEST)

model [16] to parametrize the geometry and determine the number and location of ionization elec-

trons and scintillation photons produced by particles interacting in the detector. The version

GEANT4.10.2.p02 is used for this stage of the simulation. The second stage of the simulation uses

the output of the first stage to simulate the signals produced by drifting electrons collected on the

strips and the electronics response of the detector.

5.1 GEANT4/NEST simulation

A detailed description of the detector geometry is input into a GEANT4 application, including the

TPC Vessel, the PMT window, the internal components (tile, interface boards, cathode, the source,

etc.), and the surrounding HFE cryostat.

Particles interacting with the LXe deposit energy by producing both scintillation light (178

nm) and electron-ion pairs (ionization). Due to recombination of a fraction of electron-ion pairs the

charge and light yield of individual events of a given energy and drift field display anti-correlated

fluctuations that conserve the total deposited energy [17]. The microphysics that determines the

relative amount of energy going into each channel is not currently supported by the standard

GEANT4 package. To model this response NEST was used to accurately simulate both the

ionization and scintillation response for different detector configurations. The relative light and

charge yield varies with the local electric field in the region of the energy deposit, which in turn

determines the amount of recombination. To account for this, a map of the electric field magnitude

was produced from a cylindrically symmetric COMSOL [18] simulation of the liquid xenon volume

of the detector. This electric-field map is used by the simulation to provide the correct magnitude

of the electric field to NEST at each point in space. The field map, which neglects the complicated

geometry of the cathode mesh by modeling as a flat sheet, is shown in figure 12. The drift field in

the region under the tile, assumed to be circular, varies from 890 V/cm to 990 V/cm. This results

in an average yield of ∼25 k electrons and ∼15 k photons for gamma’s in the 570 keV peak.

Since the cuts described in section 4 constrain events to be in the center of the detector, only the
207Bi source located under the center of the anode was simulated to produce the energy spectrum

for the single-strip channels shown in figure 10. The complicated geometry of the 207Bi source is

approximated as a circular disk of radius 2 mm in the plane of the cathode.

5.2 Signal simulation

Ionized electrons produced in the first stage of simulation that fall within the drift region of

the detector are diffused radially according to their drift time, using an electric-field-dependent

transverse-diffusion coefficient determined from [19]. Currently no diffusion in the longitudinal

direction is included in simulation. The diffused electrons are then binned into voxels with sides

of length 530 µm in the x and y directions and 80 µm along the drift direction, z. The x and y

dimensions of the voxels were chosen to minimize processing time while preserving signal quality;

the z dimension is equivalent to one sample of the 25 MS/s digitizer for a drift velocity of 2 mm/µs.

Each voxel is tracked as it is drifted from the interaction location to the charge collection tile

– 13 –
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6 Results

A comparison between the energy spectra from simulation and data is shown in figure 10. The

spectra for both are normalized to have equal area in the energy range 200 keV to 1200 keV. At

energies above 200 keV, the simulation is in good agreement with data. Below 200 keV, the data

spectrum has fewer counts than predicted by simulations because of PMT trigger threshold effects.

In addition figure 11(a) and figure 11(c) show the predicted and observed electrostatic effects in the

current detector as a function of drift distance respectively. The trend of decreasing reconstructed

energy near the anode plane is observed in both supporting the model used in simulation. Fits to the

570 keV peak from data and simulation are shown in figure 13. The noise-subtracted ionization-only

energy resolution of 5.5% at 570 keV is consistent with the intrinsic resolution of liquid xenon

measured by other investigators [17, 20].

7 Conclusions

We report on the performance of a novel, segmented, grid-less ionization charge collection detector

developed for the nEXO 5-tonne liquid xenon TPC for neutrinoless double beta decay. The charge-

only energy resolution measured in LXe is in line with the intrinsic value measured for LXe

by numerous investigators. The data from the prototype “tile" shed light on non-conventional

electrostatic effects arising from the absence of a shielding Frisch grid in front of the charge

collection electrode. A study of these effects for a nEXO sized TPC (≈130 cm drift length) are

shown in figure 11(b) for a relative comparison to the same effects in the currently studied detector

shown in figure 11(a). This includes the position dependence of the reconstructed charge, including

the ion screening and cathode effects described in appendix A.

Work is in progress to refine the design of the charge tiles. The strip pitch is being optimized for

use in nEXO. Future prototype tiles will run with integrated readout circuits placed in LXe. Finally,

improvements in the light collection efficiency are being implemented to allow energy measurements

taking advantage of the anti-correlation between the ionization and scintillation signals.
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A Induced charge calculation

The induced charge on a single square pad comes from considering a point charge above a rectangular

plane of grounded electrodes. The induced charge per unit area on a conducting plane by a point

– 16 –
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charge of charge Q0 located a distance h above the pad at x=y=0 is given by method of images as

σ =
−Q0h

2π(r2
+ h2)3/2

(A.1)

To find the charge in a rectangle which extends from x1 to x2 along the x-axis and y1 and y2 along

the y-axis we calculate

Q(h) = −
Q0h

2π

∫ x2

x1

∫ y2

y1

dx dy

(x2
+ y2

+ h2)3/2
(A.2)

which can be evaluated as

Q(x, y, h) = −
Q0

2π
[ f (x2, y2, h) − f (x1, y2, h) − f (x2, y1, h) + f (x1, y1, h)] (A.3)

where Q is the charge induced on the pad, Q0 is the magnitude of the drifting change, the set of xi

and yi are the distances from the drifting charge to the four corners of the pad, and h is the height

of the charge above the anode. The function f (x, y, h) is defined below:

f (x, y, h) = arctan

[

xy

h
√

x2
+ y2

+ h2

]

. (A.4)

The value of h decreases with time according to the drift velocity, 2 mm/µs at 936 V/cm.

Two corrections are applied to account for electrostatic effects from the positive Xe ions

produced in the ionization process as well as the charge induced on the cathode.

The correction for the positive ion is an added term, Equation A.3, with the opposite sign to

account for the positive charge and a constant value of h since the ion is approximately stationary

during the duration of the event. The correction for the cathode is a linear scaling to the induced

charge based on the distance from the cathode.

QFull(x, y, h) =

(

D − h

D

)

Q(x, y, h) −

(

D − h0

D

)

Q(x, y, h0) (A.5)

where D is the distance between the cathode and the anode, h0 is the initial height of the event, and

h is a function of time.

A third correction for a finite electron lifetime was considered but was ignored since no effects

of purity degradation were observed. A plot showing the relative charge induced on the cathode for

a charge at different z-positions in the detector is shown in figure 11, for the current test setup (left

panel) as well as a ∼1 m detector such as nEXO (right panel).

The full expression for charge induced on a strip is calculated by summing Equation A.5 over

all 30 pads in a strip for each voxel of charge considered in the simulation.
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