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• Highly pixelated solid-state detectors. 

• DAMIC and Selena technologies. 

• Background identification in DAMIC. 

• Signals and backgrounds in Selena. 

• Conclusion.
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Pixelated solid-state devices
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DAMIC
‣ CCDs for direct dark matter search. 
‣ Multi-CCD array operating at SNOLAB since 2012.  
‣ 50x more sensitive DAMIC-M will start operations at LSM in 2024.
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• DM-e-  interactions:

• WIMP search:

PRL 123 181802 (2019) 

‣ First DM search results from ~eV ionization signals: 
‣ Latest DM-e- scattering results: 

PRL 125 (2020) 241803 PRD 105 (2022) 062003

PRL 118 (2017) 141803

Full details:

‣ 11 kg-day of data from seven-CCD array. 
‣ First full background model in CCDs.



Selena
‣ Next generation neutrino experiment to perform zero-background 

spectroscopy of !! decay and electron neutrinos in 82Se. 

‣ Low-noise CMOS charge readout sensor coupled to few mm-thick 
amorphous selenium (aSe) target layers. 
‣ Concept paper with background estimates: 
‣ Measurement of charge response: 
‣ Snowmass 2021 white paper: 
‣ First demonstration of imaging electron tracks in a hybrid CMOS/

aSe device:
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Background suppression

‣ Determine the number and types of particles (!, ", etc.). 

‣ Determine the end-point of ! tracks by identifying the Bragg peak. 

‣ Since atoms remain immobile in the solid target, we can identify 
radioactive decay sequences with time separations of up to weeks!
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High resolution imaging in a solid-state target provides 
unique opportunities for signal/background discrimination!
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• ! particles:

• Nuclear recoils:

Particle ID in CCDs

‣ Select 95% NR and <1% 
ER with E>100 keVee.

‣ Very high 
efficiency in 
selecting "s with 
E>100 keVee.

‣ Based on cluster 
topology.



Spatial correlations in DAMIC
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• 210Pb surface background:

210Pb 210Bi 210Po

• Cosmogenic 32Si: 32Si (T1/2= 150 y, β) ➔ 32P (T1/2= 14 days, β)

Search for spatially 
correlated ! decays. 
Sensitivity with current data 
is a fraction of Bq/kg.
JINST16 (2021) P06019
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Table 1. Constraints on the activities � of the 32Si, 238U, and 232Th decay chains according to the background-
subtracted number of events =ev found in each search with e�ciency n from DAMIC data. Events must meet
the correct U or V classification for each search (according to Figure 2) and pass all relevant energy and
time cuts defined here (where �C is defined as the di�erence between image end times). Note that rapid,
subsequent U decays will be reconstructed as a single U-like event of higher energy. Additional details on
the numbered V ! V searches can be found in Table 2. The weighted-average result of the 32Si searches
is given in this table for simplicity, but the individual searches determine � of 120 ± 30 `Bq/kg (1a) and
260±80 `Bq/kg (1b). Any isotope with C1/2 < 30 days is assumed to have the activity of its long-lived parent.
We truncate the 232Th chain at 212Pb as the remaining decays to stable 208Pb are short-lived (C1/2  1 hr),
in secular equilibrium (s.e.) with 228Th, and not used for this analysis. Decay information is taken from
Refs. [15–17].

Decay C1/2 Q value Search Energy cut [keV] Time cut [d] n =ev � [`Bq/kg]

32
Si Chain

32Si V 153 yr 227 keV
V ! V

n (1a) 70 < ⇢V1 < 230 �C < 70 0.279 19.5
140 ± 3032P V 14.3 d 1.71 MeV (1b) 0.5 < ⇢V1 < 70 25 < �C < 70 0.088 12.7

238
U Chain

238U U 4.47 Gyr 4.27 MeV
3800 < ⇢U1 < 4600

�C < 120 0.650 -0.2 < 11234Th V 24.1 d 274 keV U ! V

⇢V2 > 0.5234<Pa V 1.16 min 2.27 MeV
234U U 246 kyr 4.86 MeV 238U (s.e.)

230Th U 75.4 kyr 4.77 MeV no limit
226Ra U 1.60 kyr 4.87 MeV
222Rn U 3.82 d 5.59 MeV

⇢U > 15000 �C = 0
⇠ 1 0 < 5.3

218Po U 3.10 min 6.11 MeV (U + U + U)
214Pb V 27.1 min 1.02 MeV OR

⇢U1 > 10000 �C = Cexp
214Bi V 19.9 min 3.27 MeV (U + U) ! V/U
214Po U 164 `s 7.83 MeV
210Pb V 22.2 yr 63.5 keV

V ! V (2) 0.5 < ⇢V1 < 70 �C < 25 0.734 47.1 < 160210Bi V 5.01 d 1.16 MeV
210Po U 138 d 5.41 MeV

232
Th Chain

232Th U 14.0 Gyr 4.08 MeV 228Th (s.e.) < 7.3
228Ra V 5.75 yr 45.5 keV

V ! V (3) 0.5 < ⇢V1 < 55 �C < 1.3 0.440 2.6 < 40228Ac V 6.15 hr 2.12 MeV
228Th U 1.91 yr 5.52 MeV

U ! (U + U) ⇢U2 > 10000 �C = Cexp 0.727 0 < 7.3
224Ra U 3.63 d 5.79 MeV
220Rn U 55.6 s 6.40 MeV
216Po U 145 ms 6.91 MeV
212Pb V 10.6 hr 569 keV

...

We leave a more detailed analysis of surface 210Pb to a follow-up publication, and instead focus
on setting upper limits on bulk 210Pb contamination. Higher energy U’s (⇢U & 5.3 MeV) must
originate from the 238U and 232Th chains. However, the absence of any definitive bulk 238U and
232Th coincidences in the data suggests that these events are likely from dust particulates in the
CCD surfaces or radon decays in the volume around the CCDs.

– 5 –

JINST16 (2021) P06019

Limits from DAMIC on the U and Th chains from coincidence analysis:



NR ID by spatial correlations
‣ Record ionization events at nominal operating T ~ 120 K. 
‣ Warm up CCD. 
‣ Identify defects (“hot spots” from leakage current) during warmup. 
‣ Correlate them! 
‣ Preliminary: >80% of of NR with E>100 keVee produce a 

measurable defect (generates >10 e- per min). 
‣ Investigating how much it improves NR/ER discrimination.
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T1/2 > 1028 years 
limit on 82Se 0#!!

‣ Pixel size 15 $m2 and few 
mm thick aSe.
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‣ By identification of Bragg peak we 
can achieve 10-3 suppression of 
single electron background, with 
50% signal acceptance. 

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

Simulation:



"" 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 % rays contribute <1 background in ROI 
every 109 decays (<1 in 100 ton year at 10 ppt)

• Example U+Th #:

208Tl

Background 
challenges very 
different from 

other experiments
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D. FREKERS et al. PHYSICAL REVIEW C 94, 014614 (2016)

82Se 82Br

82Kr
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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

!e + 82Se 82Br* + e- + C.E. (29 keV)

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

“prompt”

82Br 82Kr + " + #-

&1/2 = 6.1 min

&1/2 = 35 hours

445 keV end-point

E! – 172 keVTriple sequence:

We can use the prompt 
events to perform solar # 

spectroscopy!

$e detection



‣ Expected number of three 
accidental events in 100 $m2 
(22 µg) is <10-4 in 100 ton 
year. 

‣ Other ", 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. 

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

No identified background to mimic the triple sequence. 
Possibility of zero background ' spectroscopy! 
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!e + 82Se 82Br* + e- + C.E. (29 keV)

E! – 172 keV
pp 7Be

pep

CNO CNO

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 # oscillations, etc.



Conclusions
‣ High spatial resolution of DAMIC CCDs provide unique 

capabilities in particle ID. 

‣ Cluster topology to identify "s, !s and NR with high efficiency. 

‣ Constraints on the activities of the 32Si, 238U and 232Th decay 
chains by coincidence analysis. 
‣ Possible significant improvement in NR by spatial coincidence 

analysis with lattice defects. 
‣ Particle ID capabilities can be extended to hybrid aSe/CMOS 

devices proposed for the Selena experiment. 

‣ Selena may be able to perform background-free !! decay and 
solar # spectroscopy in 100 ton-year exposure.
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