
0νββ search with CMOS pixel charge 
plane in gain-less high-pressure gas 

Time Projection Chamber 

Yuan Mei  
Lawrence Berkeley National Laboratory

 
TAUP 2017



Physics Motivation: Neutrinoless Double-Beta Decay
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Assumes BR 0ν/2ν = 1% and detector energy resolution is 2%

dramatic progress in our ability to compensate for high-
momentum physics that is cut out !see, e.g., Bogner et al.
"2003#$, but reliably correcting for low energy excitations
such as core polarization is a longstanding problem. Par-
tial summation of diagrams, a tool of traditional
effective-interaction theory, is helpful but apparently not
foolproof.

In the long term these issues will be solved. As al-
ready mentioned, the coupled-cluster approximation, an
expansion with controlled behavior, is being applied in
nuclei as heavy as 40Ca. With enough work on three- and
higher-body forces, on center-of-mass motion, and on
higher-order clusters, we should be able to handle 76Ge.
The time it will take is certainly not short, but may be
less than the time it will take for experimentalists to see
neutrinoless double beta decay, even if neutrinos are in-
deed Majorana particles and the inverted hierarchy is
realized. And the pace of theoretical work will increase
dramatically if the decay is seen. Observations in more
than one isotope will only make things better. Our opin-
ion is that the uncertainty in the nuclear matrix elements
in no way reduces the attractiveness of double beta de-
cay experiments. Given enough motivation, theorists are
capable of more than current work seems to imply.

VI. EXPERIMENTAL ASPECTS

A. Background and experimental design

Double beta decay experiments are searching for a
rare peak "see Fig. 5# upon a continuum of background.
Observing this small peak and demonstrating that it is
truly !!"0"# is a challenging experimental design task.
The characteristics that make an ideal !!"0"# experi-
ment have been discussed "Elliott and Vogel, 2002; Zde-
senko 2002; Elliott, 2003#. Although no detector design
has been able to incorporate all desired characteristics,
each includes many of them. "Section VII.C describes
the various experiments.# Here we list the desirable fea-
tures:

• The detector mass should initially be large enough to
cover the degenerate mass region "100–200 kg of iso-

tope# and be scalable to reach the inverted-hierarchy
scale region "%1 ton of isotope#.

• The !!"0"# source must be extremely low in radio-
active contamination.

• The proposal must be based on a demonstrated tech-
nology for the detection of !!.

• A small detector volume minimizes internal back-
grounds, which scale with the detector volume. It
also minimizes external backgrounds by minimizing
the shield volume for a given stopping power. A
small volume is easiest with an apparatus whose
source is also the detector. Alternatively, a very large
source may have some advantage due to self-
shielding of a fiducial volume.

• Though expensive, the enrichment process usually
provides a good level of purification and also results
in a "usually# much smaller detector.

• Good energy resolution is required to prevent the
tail of the !!"2"# spectrum from extending into the
!!"0"# region of interest. It also increases the signal-
to-noise ratio, reducing the background in the region
of interest. Two-neutrino double beta decay as back-
ground was analyzed by Elliott and Vogel "2002#.

• Ease of operation is required because these experi-
ments usually operate in remote locations and for
extended periods.

• A large Q!! usually leads to a fast !!"0"# rate and
also places the region of interest above many poten-
tial backgrounds.

• A relatively slow !!"2"# rate also helps control this
background.

• Identifying the daughter in coincidence with the !!
decay energy eliminates most potential backgrounds
except !!"2"#.

• Event reconstruction, providing kinematic data such
as opening angles and individual electron energies,
can reduce background. These data might also help
distinguish light- and heavy-particle exchange if a
statistical sample of !!"0"# events is obtained.

• Good spatial resolution and timing information can
help reject background processes.

• The nuclear theory is better understood in some iso-
topes than others. The interpretation of limits or sig-
nals might be easier for some isotopes.

Historically, most !! experiments have faced U and
Th decay-chain isotopes as their limiting background
component. A continuum spectrum arising from
Compton-scattered # rays, ! rays "sometimes in coinci-
dence with internal conversion electrons#, and $ par-
ticles from the naturally occurring decay chains can
overwhelm any hoped for peak from the !!"0"# signal.
This continuum is always present because U and Th are
present as contaminants in all materials. The level of
contamination, however, varies from material to mate-

FIG. 5. The distribution of the sum of electron energies for
!!"2"# "dotted curve# and !!"0"# "solid curve#. The curves
were drawn assuming that %0" is 1% of %2" and for a 1−&
energy resolution of 2%.

496 Avignone, Elliott, and Engel: Double beta decay, Majorana neutrinos, and …

Rev. Mod. Phys., Vol. 80, No. 2, April–June 2008
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Ionization imaging (3D) for 0νββ
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Simulated events in 136Xe 0νββ energy region, ionization track in10bar Xe gas
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82Se 2ν double-beta decay

•Michael Moe et. al. circa 1980s

•Thin 82Se source (~7g, 97% enriched)  
in He gas TPC

•214Bi background suppression at 96%
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5.5. A Change of Heart
Then I received a call from Wick Haxton at the University of Washington. He had been doing
shell-model calculations of the 82Se nuclear matrix elements that predicted a half-life close to
1019 years, in agreement with our result. That was too seductive for us. Qualifying our result as
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Figure 8
Basic layout of the time-projection chamber. The 82Se is deposited in the colored region of a single central
plane. A perpendicular magnetic field (black arrow) parallels the z axis. Helical tracks of β particles and other
relativistic electrons appear as sinusoids in the x,z and y,z views. The blue curves represent the two electron
tracks produced in a hypothetical ββ-decay event. Modified with permission from Reference 20.
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Figure 19
Looking back in time from the event in Figure 18, repeated here in red. (a) At t = −57 min, we found at the
same position the β decay of 214Pb, parent of 214Bi, accompanied by a conversion electron. (b) At t = −70
min was Alvarez’s 218Po α particle. (c) At t = −72 min came the α particle from 222Rn. The t = 0 event was
clearly 214Bi.

a prompt α particle. The fraction of those 2e− events that passed the stripping software was the
ββ efficiency ε, and it was nearly 10 times the cloud-chamber value.

At the Neutrino’84 conference in Dortmund, Germany, I reported a 82Se half-life approaching
1020 years. Alexander Pomansky, who could be rather blunt, asked from the audience, “Are you
saying the cloud chamber was wrong?” After an awkward pause I replied, “It is increasingly in
doubt.” I had learned my lesson: Talk about your progress, but do not publish a number unless it
is rock solid.

Working with 40% of our eventual 82Se 2e− sum spectrum (Figure 20), we attempted both to
quantify all of our remaining ββ-decay backgrounds from related TPC activity and to understand
their energy spectra. By August 1987, with 7,960 hours of live time, we had obtained enough data
to do maximum-likelihood fits. The only significant backgrounds above our thresholds were some
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Figure 20
Electron sum-energy (Esum) spectrum of 237 82Se ββ candidates accumulated during 20,244 h live time in
the time-projection chamber. A threshold of 0.2 MeV was imposed on the single electrons and 1.0 MeV on
the sum. The 1-MeV threshold eliminated 214Pb. Modified with permission from Reference 22.
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suggestive but not conclusive, Lowenthal and I published in Physical Review C (18). That paper
created a surprising amount of interest but also skepticism about the short half-life. It was time to
do a definitive measurement.

6. THE TIME-PROJECTION CHAMBER
Herbert Chen, of UC Irvine, alerted me to a new detector invented by David Nygren at UC
Berkeley: the time-projection chamber (TPC) (19). The TPC was potentially a huge improvement
over the cloud chamber. It could trigger on every ionizing event during its almost continuous live
time. The output would be digital, greatly facilitating data processing. It would work with helium,
causing minimal electron scattering. It would tolerate an ongoing purge of radon. The geometry
would be clean and free of dead spaces. In short, it seemed the perfect technology for a definitive
ββ(2ν) experiment.

I traveled to Berkeley to see Nygren and his TPC. It was a sophisticated, expensive detector
designed for accelerator geometry—not for ββ decay or my budget. But when I explained to
Nygren what I had in mind, he encouraged me to proceed.

6.1. Adapting the Time-Projection Chamber to ββ Decay
The general concept for a ββ-decay design is shown in Figure 8, and a detailed cross section is
depicted in Figure 9. The spatial resolution of each ionization electron was 0.5 cm in x, y, and z.
The tracks were collected in 20 µs, but the gate was left open for a full millisecond to watch for
α tracks from 164 µs 214Po.

Typical construction materials often contain traces of radioactivity, so cleaner materials were
substituted. The TPC frame and its shell were made of 1-cm-thick clear polycarbonate.

20 cm  

Cathode wires

Grid

B

E

E

Anode and
field wires 

82Se source  

Helium
(7.5% propane) 

Figure 9
A partial cross section of the time-projection chamber showing electric fields (E) and magnetic field (B). The
scale of the wire size and spacing is exaggerated. Ionization electrons along the β tracks drifted toward the
wires at 0.5 cm µs−1. Upon arrival at an anode wire, each drifting electron avalanched. The resulting pulse,
and one of opposite polarity induced on the cathode, provided x and y coordinates of the “hit.” The z
coordinate was the arrival time, clocked into shift registers at 1 MHz. Modified with permission from
Reference 20.
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Challenges and solutions

• Scalable to large mass while retaining:

• Excellent energy resolution at Qββ

• Background control: pure material and active discrimination

• Geometrical signature of decay (positive signal identification)

• Leverage industry to scale

• High pressure gaseous TPC

• HP Xe has been proven to have excellent intrinsic energy 
resolution (ionization charge statistics)

• PandaX-III and NEXT employ Micromegas and 
electroluminescence techniques to achieve high energy 
resolution and charge tracking

5

To do a definitive experiment



Gas-electron multiplication, stability?
ar

X
iv

:h
ep

-e
x/

03
01

01
2v

2 
 2

 A
pr

 2
00

3

Performance of the TPC with Micro Pixel Chamber
Readout: micro-TPC

Kentaro Miuchi, Hidetoshi Kubo, Tsutomu Nagayoshi, Atsuhiko Ochi, Reiko Orito, Atsushi Takada, Toru Tanimori,
Masaru Ueno

Abstract—Micro-TPC, a time projection chamber (TPC) with
micro pixel chamber (µ-PIC) readout was developed for the
detection of the three-dimensional fine (∼ sub-millimeter) tracks
of charged particles. We developed a two-dimensional position
sensitive gaseous detector, or the µ-PIC, with the detection area
of 10 × 10 cm2 and 65536 anode electrodes of 400 µm pitch.
We achieved the gas gain of more than 10

4 without any other
multipliers. With the pipe-line readout system specially developed
for the µ-PIC, we detected X-rays at the maximum rate of
7.7 MHz. We developed a micro-TPC with the µ-PIC and three-
dimensional tracks of electrons were detected with the micro-
TPC. We also developed a prototype of the MeV gamma-ray
imaging detector which is a hybrid of the micro-TPC and NaI
(Tl) scintillator so that we showed that this is a promising method
for the MeV gamma-ray imaging.

Index Terms—Gaseous detector; Time projection chamber;
Micro-pattern detector; Gamma-Ray Imaging

I. INTRODUCTION

REALIZATION of a micro-TPC, a time projection chamber
(TPC), which can detect three-dimensional fine tracks of

charged particles, has been wanted for years. We developed
the µ-PIC, a two-dimensional fine position detector, and a fast
readout electronics in order to realize such an “electric cloud
chamber”. In this paper, the performance of the micro-TPC,
together with one example of its applications, is described.

II. µ-PIC DETECTOR
The Micro Pixel Chamber, or the µ-PIC, is a pixel type

gaseous two-dimensional imaging detector which takes over
the outstanding properties of the MicroStrip Gas Chamber
(MSGC [1], [2]) such as the good position resolution and
operating capacities under high flux irradiation. The µ-PIC is
manufactured by the print circuit board (PCB) technology in
contrast to an older concept pixel type detector, the microdot
chamber [3], which is made in the MOS technology. With the
PCB technology, large area detectors can be made cheaply,
which is an important feature for developing various kinds of
applications. As a consequence of the geometrical properties,
discharge problems are less disturbing with µ-PIC [4], [5], [6],
so that stable operations at high gas gain can be realized.

Manuscript received on December 1st, 2002.
K. Miuchi, H. Kubo, T. Nagayoshi, R. Orito, A. Takada, T. Tanimori, and

M. Ueno are with the Department of Physics, Graduate School of Science,
Kyoto University, Sakyo-ku, Kyoto 606-8502, Japan.

A. Ochi is with the Department of Physics, Graduate School of Science and
Technology, Kobe University, Kobe 657-8501, Japan

Fig. 1
SCHEMATIC STRUCTURE OF THE µ-PIC.

The schematic structure of the µ-PIC is shown in Fig. 1. The
µ-PIC is a double-sided PCB with a 100 µm-thick polyimide
substrate. 256 anode strips are formed on one side of the µ-PIC
while 256 cathode strips are orthogonally placed on the other
side. Both anode and cathode strips are placed with a pitch of
400 µm. Cathode strips have holes of 200 µm diameter and
anode electrodes of 50∼70 µm diameter are formed on the
anode strips at the center of each cathode hole. The signals
from anode strips and cathode strips are of the same size, in
contrast to the MSGCs, whose pulse heights from back strips
are 20∼30% of those from anode strips [2]. We developed the
µ-PIC of 10 × 10 cm2 detection area with 256 × 256 anode
electrodes. The µ-PIC is mounted on the mother board of 30
× 30 cm2 area by the bonding technique.

We irradiated a non-collimated 55Fe radioactive source and
measured the output charge from 32 × 256 pixels so that we
calculated the gas gain. The gas mixture of argon 80% and
ethane 20% at 1 atm was flowed for the measurement. The
gas gain of the µ-PIC is plotted as a function of the anode
voltage in Fig. 2. We achieved a maximum gas gain of 1.5
×104 and the gas gain for the stable operation of 5000 without
any other multipliers. In Fig. 3, the spectrum of the X-rays from
the 55Fe radioactive source is shown. The energy resolution is
30% (FWHM) for the 5.9 keV X-rays. This result is worse than

• µ-PIC (Micro Pixel Chamber)

• Printed Circuit Board technology
• GEM

• Array of micro-holes in 
thin foils with conductor 
cladding on both sides

6

• MicroMegas

• Micromesh placed (very) 
close to readout PCB



CMOS charge sensor array for TPC 
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•Eliminate charge amplification
•Focusing electrode 100% coll. eff.
•Direct charge collection in X-Y
• In-sensor digitization
• Inter-sensor network for data 
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Numbers
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High pressure Xenon TPC as an example

• ~50 free ions/electrons per keV energy deposition

• 136Xe Qββ=2.458MeV → 100k charges

• 10bar Xe intrinsic energy resolution: 0.3% FWHM at Qββ 
→ 130 e- total fluctuation (σ, detection medium contribution)

• 1% FWHM energy resolution at Qββ → 420 e- fluctuation (σ)  
→ 400 e- electronic noise allowed (sum of all pixels)

• Track length 20~30cm → 300 pixels see charge if pitch 5~10mm  
→ <30 e- per pixel noise required

• 100% charge collection efficiency  
                    loss of efficiency is equivalent to increasing noise

• 10cm diameter array: ~100 chips

• 1m diameter array: ~10k chips

• Charge drifting speed (sets the sampling rate requirement)

• Electron: mm/µs

• Ion: mm/ms



Topmetal

Yuan Mei
LBNL NSD weak interactions 
Postdoc (2011–2015)
Staff (2016–)

• 80×80µm pixel size

• Direct charge collection

• Standard 0.35µm CMOS process, no post-processing

• First version (2012), high noise & high bandwidth

• Second version (2014), <15e- noise on each pixel.  
In-chip signal processing, good for large scale array

• Third version (2016), specialized design for 0νββ

Alpha ionization tracks
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•Single electrode: 1mm dia. Topmetal or smaller electrode 
with externally `grown’ structure
•Distance between chips: 5~10mm
•CSA: Cin~2pF, ENC<30e-, tunable biases through DACs
•Tunable feedback RC decay constant 
•Directly accessible analog output
•Analog output (X2) feeds into a Sigma-Delta ADC

•3rd-order Sigma-Delta Modulator
•25.6MHz clock
•X64 over sampling rate
•SINC4 decimation filter
•200kHz signal bandwidth
•Equivalent of a 400ksps 16bit ADC
•Raw modulator output
•LVDS I/O 10
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Focusing Electrode

CMOS Sensor

PCB

Design optimization (prototype)
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Charge measurement, noise, and signal recovery

•1mm dia. electrode
•8mm pitch
•127 chips on prototype
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Topmetal-S with 1mm electrode

3mm

2mm



Topmetal-S Performance
A working Topmetal-S sensor

< 30e- noise CSA
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ENC = 28.7e−, Cinj=1.186fF (741.25e−)

Trapezoidal filtered pulse

1×10−7

1×10−6

1×10−5

0.0001

0.001

0.01

0.1

1

0.0 200.0k 400.0k 600.0k 800.0k 1.0M

fSDM=25MHz, RBW=385Hz

R
M

S
 V

o
lta

g
e
 [
V

]

Frequency [Hz]

Simulation
0V input

Sine wave input: 200kHz, 1.0Vpp, 1.2Vdc
1×10−7

1×10−6

1×10−5

0.0001

0.001

0.01

0.1

1

0.0 200.0k 400.0k 600.0k 800.0k 1.0M

Working ΣΔ ADC
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High pressure gas TPC prototype

Gas system Charge plane:
127 chips, Φ10cm

•1mm dia. electrode
•8mm pitch
•127 chips on prototype



Topmetal-II- seeing alpha (ion) tracks in air

NIMA 810, 144, 2016
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SeF6 gas for 0νββ in 82Se
• 82Se

• High Qββ≈2995.5keV

• Qββ for 136Xe is 2458keV

• A sharp drop in γ-ray backgrounds occurs 
above the 208Tl (2615keV) line

• SeF6

• Used in early days of HV electrical insulation

• Easy to enrich 82Se (9% natural abundance)

• Low effective Z : straighter tracks – better 
tracking

• Highly electronegative – ion drifting only

• Cannot sustain well-behaved avalanche gain

Must detect ions directly in gas
Credit: D. Nygren



Focusing Electrode

CMOS Sensor

PCB

Topmetal gain-less charge readout for 0νββ in 82SeF6

17

• Ion drifting

•No charge amplification

•Direct charge collection in X-Y

•Z is determined by the +/- charge 
arrival time difference

•Tandem TPC
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Readout
Plane 1

Readout
Plane 2

Source Drain

Source Drain

PMOSCAPNMOS

Charge track
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N-WellP-Well

GateGate

GR GRTM
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Summary

• Topmetal direct charge sensor,  
without gas avalanche gain: 

• 1% FWHM energy resolution charge readout in 
HP Xe gas without sacrificing tracking

• Very scalable leveraging electronics industry

• Upgrade to PandaX-III, NEXT etc.

• Direct ion detection enables the use of SeF6 gas

• Provide an alternative isotope 82Se.

• Higher Qββ and better signal identification

• Potential Xe/SeF6 gas swap without modifying the 
rest of the system
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