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Outline

• Selena concept.


• Neutrinoless  decay.


• R&D goals.


• Past R&D results.


• Upcoming developments.
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Selena
‣ 10-ton enriched 82Se active target with exquisite spatial resolution for signal identification.

‣ Large-area hybrid CMOS imagers with ~5-mm thick layers of amorphous 82Se (a82Se).

‣ Leverages the existing industrial capabilities on CMOS fabrication and aSe deposition for scalability.


‣ Zero-background 𝛽𝛽 decay and solar neutrino spectroscopy in 100-ton year exposure.

5
5
1
0
5
5
1
5
5
5
2
0
5
5
2
5
5
5
3
0
5
5
3
5
5
5
4
0
5
5
4
5

1
6
4
0

1
6
6
0

1
6
8
0

1
7
0
0

1
7
2
0

1
7
4
0

0 1
0
0
0
0

2
0
0
0
0

3
0
0
0
0

4
0
0
0
0

5
0
0
0
0

R
U
N
I
D
=
 
2
2
2
2
,
 
E
X
T
I
D
=
 
5
,
 
c
l
u
s
t
e
r
_
i
d
=
 
1
3
1

α-β sequence in DAMIC (silicon CCD) data
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α
β

Bragg peak

Each module: 3 kg of 82Se
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Simulated Experimental Data
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Selena 𝛽𝛽

Single e

Background rate <6 x 10-5 /keV/ton/year!

3𝜎 discovery for T1/2 = 2 x 1028 y in 82Se

Double e

1% RMS res. Q𝛽𝛽 = 3 MeV

‣ By identification of Bragg peaks, can achieve 10-3 
suppression of single electron background, with 50% 
signal acceptance.


‣ Bulk backgrounds suppressed by α/β particle ID, 
spatial correlations.

Simulation:100 ton-year simulation

Or study 0𝜈𝛽𝛽 mechanism after ton-scale 
discovery!
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JINST12 (2017) P03022



𝛽𝛽 backgrounds
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Background source Raw rate / (keV ton y)-1 After disc.
β-decay (bulk) 5.8 6.4 x 10-8

β-decay (surface) 7.1 2.1 x 10-7

β-decay (cosmogenic) 1.7 x 10-3 2.6 x 10-6

γ-ray (photoelectric) 1.3 x 10-2 1.3 x 10-5

γ-ray (Compton) 2.8 x 10-2 7.1 x 10-6

γ-ray (pair production)
 3.3 x 10-5 3.3 x 10-6

JINST12 (2017) P03022

214Bi

Photoelectric 
absorption

Compton 
scattering

U+Th 𝛾 rays contribute <1 background in ROI 
every 109 decays (<1 in 100 ton year at 10 ppt)

• Example U+Th 𝛾:

208Tl

Background challenges very 
different from other experiments

Qββ = 3 MeV



R&D Goals

• Measure ionization response of aSe.


• Demonstrate aSe can be successfully coupled to CMOS pixel array.


• Optimize CMOS pixel design for Selena: low pixel noise, full charge 
collection, low power consumption.


• Optimize CMOS readout for scalability: in-pixel digitization.


• Possible: measurement of time of arrival (TOA) of charge.


• Demonstrate large area module with performance for Selena.
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Done!

Done!

In progress

In progress

Upcoming

Upcoming



Charge Sensitive 
Amplifier (Integrator)
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aSe Ionization Response
Drift of holes + electrons

Drift of electrons

Drift of holes

Signal traces from ionization events in the middle of the detector (top) and 
close to the HV electrode (bottom)

Mobility
um2/V us

Lifetime 
us

Max. drift 
time 
us 

Hole 37 10-40 O(1)

Electron 1.1 20 O(10)

Summary of results at 50V/um HV

Drift time is calculated for thick ~mm aSe layers
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Exposed to 57Co 
radioactive source

65 e- per keV at 50 V/μm



Pixel Array Readout
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Topmetal-II- Readout
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Example of 3x3 Rolling Shutter Array

Rolling Shutter readout with Charge Sensitive Amplifier frontend

Charge Injection Single Pixel Response

Each pixel has its own charge-sensitive amp (CSA) that can be selected for readout

Cf = 8 fF



Topmetal II-
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Selena Prototype: Topmetal-II-

Topmetal-II-: A low-noise CMOS Charge Sensor [8]

Fabricated in 2016 on a 350 nm process for applications in gas TPCs

Topmetal layer unpassivated for charge collection

16

Before/After 500um aSe deposition by Hologic Inc.

[8] arXiv:1509.08611‣Start with existing sensor Topmetal II- from LBNL.

‣CMOS pixel array with exposed metal electrodes.

NIMA810(2016)144

‣83 𝜇m pixel pitch.


‣15 e- pixel noise.



Performance
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Selena Prototype Results
Single Photon Response

Pixel Distribution under 57Co Beta Tracks from  90Sr 

Pixels with charge

Noise distribution, 23 e-
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m
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Limitations
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Why can’t we collect an energy spectrum?
Pixel Structure & Collection Efficiency:

22

83 um

Electrode

Guard
Ring

~25 um

Guard
Ring

Solution: Build our own 
CMOS pixel array for aSe!

10 kV! Cannot apply such 
high V to guard ring



TopmetalSe
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TopmetalSe V1 Pixel Design

26

15um

Pixel Electrode Geometry Pixel Layout Amplifier Schematic

Guard Ring

Electrode

1.6um

1.6um

10.2um

8.2um

TopmetalSe Testing (Simulation)

27

Charge Conversion Gain  25 uV/e-

Equivalent Noise Charge 18 e-

Base Collection Efficiency 64.4%

Pixel Power Consumption <1 uW

Guard Ring Capacitance 3fF

FEA Simulated Collection Efficiency SPICE simulation of readout

‣ Open source design by student Harry Ni on Skywater PDK.


‣ 15  pitch, high collection efficiency, low power ( ), low noise.μm < 1μW

Already demonstrated 
noise performance!

First chips arrived 
this summer!



TopmetalSe-DPS
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Upcoming: TopmetalSe-DPS

Digital Pixel Sensor readout [9] implements per-pixel ADC

as a global shutter

Tapeout: December 2022, Expected Delivery: Fall 2023

29

8-bit 2-T DRAM 

Comparator

[9] DOI:10.1109/4.972156

Upcoming: TopmetalSe-DPS

Digital Pixel Sensor readout [9] implements per-pixel ADC

as a global shutter

Tapeout: December 2022, Expected Delivery: Fall 2023

29

8-bit 2-T DRAM 

Comparator

[9] DOI:10.1109/4.972156

‣ Test structure for in-pixel digitization.

‣ First chips arrive later this year.



Conclusion

• A 10-ton Selena detector has the potential for background-free search for 0𝜈𝛽𝛽 
decay and solar 𝜈 spectroscopy.


• Neutrinoless 𝛽𝛽 decay sensitivity of m𝛽𝛽 = 4 to 8 meV (3𝜎) in 100-ton year.


• We already fabricated and operated the lowest noise single-pixel and pixelated 
aSe sensors capable of detecting individual electrons!


• Our own CMOS pixelated sensor TopmetalSe has met all design specifications.


• Steadfast CMOS development to scale up to wafer-size devices.
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Thank you!
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Backups
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D. FREKERS et al. PHYSICAL REVIEW C 94, 014614 (2016)

82Se 82Br

82Kr

5−0+

0+

β−β−

Qβ−β− = 2997.9(3) 

Qβ− = 3093.0(10) QEC = 96.6(17) 

35.3h
2− 45.95 6.13min
1+ 75.06

1+ states{

FIG. 1. Sketch of the 2νββ decay process in 82Se. The transition
paths through the intermediate 1+ states in 82Br are indicated.
The various Q values and excitation energies are taken from
Refs. [1,30,31]. All energies are given in keV units.

T
2νββ

1/2 (130Te) = [6.9 ± 1.3] × 1020yr. Nonetheless, the mod-
eling of the time of mineralization, as well as of the
retention times for the noble gases, and the assumptions made
about alternative productions through fission, fission induced
neutrons or cosmic rays over geological time scales, remain
the main sources of systematic uncertainties in geochemical
analyses. On the other hand, by today’s good knowledge of
many 2νββ-decay half-lives one is now in the position to
constrain many of these assumptions. This is indicated in detail
in Ref. [14].

In this article the 82Se(3He ,t)82Br reaction has been
used to provide a detailed and high-resolution insight into
the GT strength distribution in 82Br, as this ties in to
some of the aforementioned subjects. One may recall that
hadronic charge-exchange reactions at intermediate ener-
gies (i.e., 100–300 MeV/A) and low momentum transfers
qtr ≈ 0 fm−1 are a well-established tool to selectively induce
GT transitions [15]. This follows from the dominant στ
component of the effective nucleon-nucleon (NN ) interaction
in this energy/momentum region [16–20], where, in addition,
the nucleus exhibits a high nuclear transparency.

The present experiment is within the spirit of previous
high-resolution (3He ,t) charge-exchange experiment on light
and medium-weight nuclei reported in Refs. [15,21–28], and
many details of the reactions and analyses can be found there.
Charge-exchange reactions for ββ decay and astrophysical
neutrino studies are, for instance, reviewed in Ref. [29].

II. EXPERIMENT

The experiment was performed at Research Center for
Nuclear Physics (RCNP), Osaka University. A 420 MeV
3He++ beam was accelerated using the Azimuthally Varying
Field (AVF) Cyclotron in combination with the Ring Cyclotron
and transported to the scattering chamber of the Grand Raiden
Spectrometer [32]. The West-South (WS) beam line [33]
provided the dispersion of the beam necessary for obtaining
high-resolution (3He ,t) spectra. Several tuning techniques for
dispersion matching between beam line and spectrometer were

employed to optimize energy and angular resolution. These are
described in Refs. [32–36].

Outgoing reaction tritons were momentum analyzed in
the Grand Raiden Spectrometer within its full acceptance of
±20 mrad in horizontal and ±40 mrad in vertical direction.
The detection system consisted of a set of two mutliwire drift
chambers, which allowed precise track reconstruction on the
focal plane [37]. They were followed by two thin (3 and
10 mm) plastic scintillators used for particle identification and
for providing the event trigger.

A thin 1.79(5) mg/cm2 Se target evaporated on a 150 µg
carbon backing was employed. The target thickness was
determined by performing an energy-loss measurement of
α particles traversing the target foil in a specially designed
setup. The thickness calculation was done with the computer
code SRIM [38]. The Se material was isotopically enriched and
specified at 97.43(2)% 82Se.

After applying various off-line spectrometer aberration
corrections, a final-state energy resolution of 38 keV was
obtained, which was partly due to the energy-loss differences
between 3He and triton ions in the target.

An energy calibration was performed using a 26Mg and a
natSi target. These targets provide numerous levels at well-
known excitation energies distributed over a large momentum
in the focal plane. In the energy region up to the isobaric
analog state (IAS) the accuracy is at a level of ±2keV.
Two spectrometer-angle settings, i.e., 0◦ and 2.5◦, allowed
generating center-of-mass (c.m.) angular distributions ranging
from θc.m. ≈ 0◦ to θc.m. ≈ 4.0◦.

III. ANALYSIS

Excitation-energy spectra of the 82Se(3He ,t)82Br reaction
are shown in Fig. 2. Three angular cuts have been overlaid to
visualize the behavior of the angular distribution.

The spectra are dominated by the strongly excited IAS,
which is located at an excitation energy of Ex = 9.576 MeV.
This energy agrees well with the value of Ex = 9.58 MeV
reported in Ref. [13] from a 82Se(p,n) reaction at 134.4 MeV
and with an energy resolution of about 300 keV. The broad
Gamow-Teller resonance (GTR) appears above the IAS at
an excitation energy of Ex ≈ 12.1 MeV and has a width of
≈5 MeV.

The low excitation energy region is dominated by a GT
transition to the 75 keV (1+) state. The lowest excited state at
45.9 keV (2−) (cf. Fig. 1) was too weakly populated at these
angles to be identified against the strong 1+ state at 75 keV.

It appears that the spectra below ≈2.1 MeV excitation
energy show a remarkably low level of fragmentation, contrary,
for instance, to its close-by neighbor 76Ge [22]. Only three
strongly excited J π = 1+ states, at 75, 1484, and 2087 keV
appear in the spectra. On the other hand, the fragmentation
suddenly increases dramatically above ≈2.1 MeV. In total,
more than 60 states below 6 MeV were identified above a
general background dominated by the tail of the GTR. This
situation is more reminiscent of the 76Ge case shown in
Ref. [22], where this high level of fragmentation was attributed
to the softness of the nuclear shape near A = 76.

014614-2

𝜈e + 82Se 82Br* + e- + C.E. (29 keV)

82Br* 82Br + C.E. (46 keV)

“prompt”

82Br 82Kr + 𝛾 + 𝛽-

𝜏1/2 = 6.1 min

𝜏1/2 = 35 hours

445 keV end-point

E𝜈 – 172 keVTriple sequence:

We can use the prompt events 
to perform solar 𝜈 spectroscopy!

𝜈e detection



Solar 𝜈 spectrum
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𝜈e + 82Se 82Br* + e- + C.E. (29 keV)

E𝜈 – 172 keV

Species E range

(keV) N 1/√N

pp 29 - 278 6170 1.3%

7Be 665 - 775 1850 2.3%

pep 1230 - 1360 151 8.1%

CNO 278 - 655

785 - 1220 63 12.6%

8B (1.5 - 15)

x 103 209 6.9%

100 ton-year

Constraints on solar luminosity, solar metallicity, solar core 
temperature, onset of matter effects in 𝜈 oscillations, etc.
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‣ Expected number of three accidental events in 
100 𝜇m2 (22 µg) is <10-4 in 100 ton year.


‣ Other 𝛼, p, or n reactions that make 82Br* have a 
different prompt event topology.


‣ No cosmogenic isotope starts a decay chain 
that mimics the triple sequence.


‣ Some neutron captures on Se isotopes can give 
triple sequences but their event topologies are 
also very different.

𝜈e backgrounds
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Background spectrum for large scale Selena

𝛽𝛽 decay 
spectrum

0.1 d.r.u

6.5 x 107 ton-1 year-1

No identified background to mimic the triple sequence.

Possibility of zero background 𝑣 spectroscopy! 


