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Annual Modulation with Nal Scintillators

« Direct dark matter detection experiment. < Placed at Canfranc Underground Laboratory.

X Nal(Tl) scintallion CrySta|S of 12.5 kg > 1125 kg o Tak|ng data since 3rd August 2017.

« Each crystal is coupled to two high QE PMTs. < GOAL: establishing a model independent test of DAMA/LIBRA

% High light collection: 15 phe/keV. results on the annual modulation signal.
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Noise events population in ANAIS-112
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Easily removed by
filtering process

Selected events with number
of peaks n0, n1 > 4 in both
PMTs.
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Easily removed by
filtering process
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Selected events with number
of peaks n0, n1 > 4 in both
PMTs.
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ANAIS-112 EXPERIMENT: background

Background model (simulated with Geant4) in good agreement with the overall spectrum.
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ANAIS-112 EXPERIMENT: background

Background model (simulated with Geant4) in good agreement with the overall spectrum.
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Background model (simulated with Geant4) in good agreement with the overall spectrum.
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Background model (simulated with Geant4) in good agreement with the overall spectrum.

- D3 sim = D3 data
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Background model (simulated with Geant4) in good agreement with the overall spectrum.

- D3 sim = D3 data
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Event calssification using Boosted Decision Trees
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Noise events observed in the blank
module that are difficult to reject.
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15 parameters used for
calssification

Training populations:
*»» SIGNAL = neutron calibrations
*» NOISE = blank module events
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Event calssification using Boosted Decision Trees

|. Coarasa et al JCAP11(2022)048
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*»» SIGNAL = neutron calibrations
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Event calssification using Boosted Decision Trees

|. Coarasa et al JCAP11(2022)048
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*» NOISE = blank module events

October 25, 2023, 20th Multidark, Gandia Jaime Apilluelo Allué




ANAIS+ PROJECT

MOTIVATION

Lower the energy threshold
Eth <0.5 keV.

v" DAMA/LIBRA comparison
overcoming possible
differences in the quenching
factor.

Increase our sensitivity.

Other DM search possibilities.

October 25, 2023, 20th Multidark, Gandia
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ANAIS+ PROJECT

MOTIVATION

Lower the energy threshold
Eth <0.5 keV.

v" DAMA/LIBRA comparison
overcoming possible
differences in the quenching
factor.

V" Increase our sensitivity.

v Other DM search possibilities.

October 25, 2023, 20th Multidark, Gandia

PMTs seem to be responsible of
the high rate observed below 10
keVee, and anomalous non-bulk
scintillation populations difficult
to filter.
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ANAIS+ PROJECT
the high rate observed below 10

Lower the energy threshold keVee, and anomalous non-bulk
Eth <0.5 keV. scintillation populations difficult

to filter.

PMTs seem to be responsible of

v" DAMA/LIBRA comparison
overcoming possible
differences in the quenching
factor.

o
o

—}— BDT (calibration)

Efficiency

V" Increase our sensitivity.

e
~

BDT (neutron cal)
—}— BDT (coincidence)

—}— ANAIS-112 cuts
1 PR

8 4 5 6

energy (keV) energy (keV)
It is necessary to establish aggressive filter protocols to
reduce these noise events. At low energies (< 2 keV), it is
hard to separate noise from signal events, getting a big

efficiency reduction due to the filter mechanism.

o
)

v Other DM search possibilities.

o
T T
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ANAIS+ PROJECT

MOTIVATION

Lower the energy threshold
Eth <0.5 keV.

PMTs seem to be responsible of
the high rate observed below 10
keVee, and anomalous non-bulk
scintillation populations difficult
to filter.

v" DAMA/LIBRA comparison
overcoming possible

differences in the quenching
factor. o il : RN
Getting rid of these B - S
v" Increase our sensitivity. noise events would 200 G L B ——
allow us to increase : 55 Mol 80T (reutron ca
v Other DM search possibilities. our efficiency, allowing 'Y il 0o 02 ii:;;'u'“ts’
to decrease our energy ST T T 8 10" e T
threshold. energy (keV) energy (keV)
It is necessary to establish aggressive filter protocols to
reduce these noise events. At low energies (< 2 keV), it is
ANAIS+ hard to separate noise from signal events, getting a big

efficiency reduction due to the filter mechanism.
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ANAIS+ PROJECT

Evolution of ANAIS detector:
replacing PMTs by SiPMs.
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ANAIS+ PROJECT

Single-photon
diodes (SPAD)

Evolution of ANAIS detector:
replacing PMTs by SiPMs.

Each SiPM = array of
multiple pixels (~ pm)

avalanche

SINGLE PHOTOELECTRON RESPONSE (SER)
% Incident photon — e - hole pair

% Bias Voltage > Breakdown Voltage (Vgg)

0,018
0,016
0,014
0,012

< 0,01
% 0,008
0,006
0,004
0,002

0

Vov = Vhias — Var

49 50 51 52 53 54 55 56 57
Vbias (V)

% Avalanche — voltage pulse of a certain area

%+ Photoelectron area is «x Gain «< Vov
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ANAIS+ PROJECT

Evolution of ANAIS detector:
replacing PMTs by SiPMs.

ADVANTAGES

R If anomalous light events are
N EIQE QE". + removed, the high light yield of
- Igh ragiopurity. Nal(Tl) - Nal would allow to reduce
<+ Low operating voltage.

Elimination of PMTs]—— J.Ehe th.reshold below 1 .I<.e‘\/ee,
. increasing strongly the sensitivity.
noise events.
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ANAIS+ PROJECT

Evolution of ANAIS detector:
replacing PMTs by SiPMs.

ﬁD\I—,IAmTSSES If anomalous light events are
N H!gh d.' + removed, the high light yield of
;IR radiopUrty. Nal(Tl) - Nal would allow to reduce
<+ Low operating voltage.

Elimination of PMTs]—— J.Ehe th.reshold below 1 .I<.e‘\/ee,
. increasing strongly the sensitivity.
noise events.

DISADVANTAGES

/

% High dark current.

% Cross-talk effect (signal
distortion).
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ANAIS+ PROJECT

October 25, 2023, 20th Multidark, Gandia

Evolution of ANAIS detector:
replacing PMTs by SiPMs.

H.Y. Lee et al 2022 JINST 17 P02027

2

—_
o
W

5 - 6 orders of magnitude
reduction at 100 K

-
o

ADVANTAGES

High QE.

High radiopurity.

Low operating voltage.
Elimination of PMTs
noise events.

=N
S

Dark Count Rate (kHz)
S

\/ \/ \/ \/
0’0 0’0 0’0 0’0

-
9
o

| | | | |
100 150 200 250 300
Temperature (K)

DISADVANTAGES ™l <+ \Working at low temperatures

100 K | ise than i
< High dark current rate. EDMTS. ) = lower noise than in

% Cross-talk effect (signal

distortion). < Modelling and understanding

of SiPMs properties.
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ANAIS+ PROJECT

. et al 2022 JINST 17 P02027
Evolution of ANAIS detector:

replacing PMTs by SiPMs.

| | | | |
100 150 200 250 300
Temperature (K)

PDVANTAGES =l <+ \Working at low temperatures

100 K | ise than i
< High dark current rate. EDMTS. ) = lower noise than in

% Cross-talk effect (signal
distortion).

/

< Modelling and understanding
of SiPMs properties.
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ANAIS+ PROTOTYPE

First ANAIS+ prototype:

Scintillator crystal: Nal(Tl) 1" cube.
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ANAIS+ PROTOTYPE

First ANAIS+ prototype:

Scintillator crystal: Nal(Tl) 1" cube.

SiPMs array: HAMAMATSU S13361-6050AE-04

(25 x 25 mm).
25.0
0.2 + 0.05 3 x 6.2 =(18.6) 0.2 + 0.05
i
)
p Al 4 Bl c1 D-1
+H
. . N
o ~~
16 (4x4) SiPMs grouped in g o2 | c2go2 |8
8 readout channels. o T
< o~
A3 @3 | c3qo3 | X
wn o™
=
o
,t‘! A4 Tf B4 C-4 ? D-4
° x

Photosensitive area
(16 x) 6.0 x 6.0
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ANAIS+ PROTOTYPE

First ANAIS+ prototype:

Scintillator crystal: Nal(Tl) 1" cube.

SiPMs array: HAMAMATSU S13361-6050AE-04
(25 x 25 mm).

Readout electronics: MUSIC (Multiple Use SiPM
Integrated Circuit).

Developed at University of Barcelona
Gbmez, S. et al. Electronics 2021, 10, 9261.
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ANAIS+ PROTOTYPE

First ANAIS+ prototype:

Scintillator crystal: Nal(Tl) 1" cube.

SiPMs array: HAMAMATSU S13361-6050AE-04
(25 x 25 mm).

Readout electronics: MUSIC (Multiple Use SiPM
Integrated Circuit).

Optical fiber placed under the scintillator cube

used to inject LED light to the SiPMs array.
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ANAIS+ PROTOTYPE

First ANAIS+ prototype (temperature control):

“* PT100 thermistor in contact with the Nal(Tl) cube Readout electronics

to monitor its temperature. 0

|

I Cu capsule I

SiPMs array

% Cooling system: peltier with convenient anti-freeze

refrigeration allowing to cool down to temperatures
near -40 °C.

Optical fiber

I
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ANAIS+ PROTOTYPE: measurement process

Cooling process Vg estimation characterization

System cool down until Measured at each SER calibration for all
Nal(Tl) temperature temperature (as Vigg channels as a function of
stabilizes. decreseases with it). Vov under LED illumination.

Run 711 [Channel 4]

Cooling process wp T 30007
ul 1 : = Cs-137 - 662 keVy
32 - 2500/
S = 0.9 §
ol L
= S T = Ba-133 —> 81 keVy
o 5 0.8 =
= = 26 F =
g b r
24 b = [
§ , 0.7 1s00p
S 2 3 [
= 20 B . 0.6 1000~
18 1 I EEPRFTE SRS SR SR R
S0 d00 10 2000 250 300 350 — 1 phe
500[— 2 phe
TIME (MIN) T(K) — x?/ndf=1.30
‘ G. Collazuol, et al., Nuclear Instruments and o x ‘“ - |
Nal(Tl) —s—cu

100 150 200 250 300
Height (a.u)

Methods in Physics Research Section A 628
(2011) 389
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ANAIS+ PROTOTYPE: analysis

Analysis of the scintillation measurements:
% Construction of the photoelectron scintillation spectra applying the SER calibration relation with Vouv.

% Estimation of light collection (phe/keV) and photopeak resolution.

Ba-133 spectrum measured at Cs-137 spectrum measured at
T=-10°CandVov=6V T=-21°CandVov=6V

| W Dark current phes
i " T distribution
W . | Scintillation
| }’ | photopeak
W k.

00 2500° ™3(T0™=3500 4000 4500
Nphe

Lo -
el L 8 B N N N N N B N N N N ]}
Lo

0 500 1000 1500 20
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FIRST RESULTS

Scintillation behavior with temperature [Preliminary]

Measurements taken at the same Vov, varying the Nal(Tl) temperature.

: H 137 —
f Average pulses 81 keV Vov = 5 V \ Average pulses 662 keV [Vov = 6 V] Components contribution [ CS] {VOV =6 V)
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scintillation pulse shape, increasing the contribution of the Looking at the pulse integral for the "fast

low component and decreasign for the fast component. component” a clear reduction in light
collected is observed, as expected.
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FIRST RESULTS

Scintillation behavior with temperature [Preliminary]

Measurements taken at the same Vov, varying the Nal(Tl) temperature.
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Measurements with Ba and Cs shows a change in tH&
scintillation pulse shape, increasing the contribution of the Looking at the pulse integral for the "fast
low component and decreasign for the fast component. component” a clear reduction in light

collected is observed, as expected.
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FIRST RESULTS

SiPM light-collection model

% Scintillation light produced by an ionizing particle detected with a
certain photodetection efficiency (PDE), which grows with Vov
following an asymptotic behaviour.

% Cross-talk produce an increase in the phe gain related to the cross-
talk probability (A-7). This probability grows almost linearly with Vouv.

% Afterpulses have not been considered as an additional effect >

included in the phe gain dependence with Vov. [*“iFk
(PROGRESs

% Dark-current phes can be present inside the integration window of
the scintillation pulse. The dark current rate (DCR) also grows with
Vouv.

(Ta=25 °C)
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656,1(2011) 69-83
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FIRST RESULTS

SiPM light-collection model

LC (Vov) <p_he

) = Ty (- PoEVOR) +DECT0
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FIRST RESULTS

SiPM light-collection model

Total number of phe per keV
measured (affected by SiPMs
properties)

(m———————

1
p € I_ 1 scint
LC (Vov) < >’|— =7 (Vov) (LCARY - PDE(Vov)) + DC(Vov)
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FIRST RESULTS

SiPM light-collection model

Total number of phe per keV Number of scintillation phes

measured (affected by SiPMs that would be detected with
properties) a 100% PDE

(m———————

pne ! 1
l 1 Scint
L Vov L - P V + V
C (Vov) < >'| 1= 2o (Vou) © Coitt- PDE(Vov)) + DC(Vov)
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FIRST RESULTS

SiPM light-collection model

Total number of phe per keV Number of scintillation phes The maximum detected phes
measured (affected by SiPMs that would be detected with would be LC3GR (asymptotic) =
properties) a 100% PDE LC3%t - PDE(Vov — o)

) LC (Vov) PRI (LCsSt lPDE(Vov))|+ DC(Vov)
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FIRST RESULTS

SiPM light-collection model

Total number of phe per keV Number of scintillation phes The maximum detected phes
measured (affected by SiPMs that would be detected with would be LC3GR (asymptotic) =
properties) a 100% PDE LC3%t - PDE(Vov — o)

LC (Vov) itdad 5 bLcscint lPDE(Vov))|+ DC(Vov)
: keV )1y L = Ay (Vo) A0

Gain produced by cross-talk
(higher ACT leads to higher
gain and LC)
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FIRST RESULTS

SiPM light-collection model

Total number of phe per keV Number of scintillation phes The maximum detected phes
measured (affected by SiPMs that would be detected with would be LC3GR (asymptotic) =
properties) a 100% PDE LC3%t - PDE(Vov — o)

g —————

TSN I
p | I, ~scin
: LC (Vov) <_>I== . (Vov): ‘LCsgnt llPDE (Vov)-HDC(Vov)y

I I BN BN BN B \ - .

Gain produced by cross-talk Dark current phes that lay inside the
(higher ACT |eadsy to higher scintillation pulse. Its contribution would

gain and LC) depend strongly on temperature.
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FIRST RESULTS

SiPM light-collection model

(oo (P L e o)
Light collection (T = -13 2C)

------- Model fit (yx2?/ndf=0.49)
[ ] nc(scintillation) -PDE

[ | Lc-ppE + DC

LC (phe/keV)
o

HI\|I ‘ \‘I\II‘I\IIIH

Ba-133 photopeak (81 keV)
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FIRST RESULTS

SiPM light-collection model

(oo (P L e o)
Light collection (T = -13 2C)

------- Model fit (yx2?/ndf=0.49)
[ ] nc(scintillation) -PDE

[ | nc-ppE + DC

LC (phe/keV)
o

Scintillation light
collected for each Vov

HI\|I ‘ \‘I\II‘I\IIIH

Ba-133 photopeak (81 keV)
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FIRST RESULTS

SiPM light-collection model

(oo (P L e o)
keV /I 11— /’LCT(VOU)IK e '-____J - —JI
Light collection (T = -13 2C)

Neglectable
contribution of the DCR

------- Model fit (yx2?/ndf=0.49)
[ ] nc(scintillation) -PDE

[ | Lc-ppE + DC

LC (phe/keV)
o

Scintillation light
collected for each Vov

HI\|I ‘ \‘I\II‘I\IIIH

Ba-133 photopeak (81 keV)
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FIRST RESULTS

SiPM light-collection model

T mmmm—— ------\ I N I I I N
I{LC (VOU) phe }=Ir 1 I(Lcscmt rPDE(VOU))‘-I-rDC(VOU)‘
keV 4T = A Vo)l e 2N
Light collection (T = -13 Neglectable
g e— voaes £1t Crtymatea 1o Gain increase contribution of the DCR

[ ] nc(scintillation) -PDE

[ | Lc-ppE + DC

LC (phe/keV)
o

Scintillation light
collected for each Vov

HI\|I ‘ \‘I\II‘I\IIIH

Ba-133 photopeak (81 keV)
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FIRST RESULTS

Ba-133 photopeak (81 keV) results [Preliminary]

Analysis of the overall light collection and resolution, important to decide the operating voltage of SiPMs.

Light collection comparison

:E:: 10/ * T = 21 °C | — Model fit ' LCscint
g si : : :22 2 Z:::i : ;;F Lt @av (asymn;::tic)
[T oa] g7 A » Room 5.4 (phe/keV) 4.5 (phe/keV) 6.8 (phe/keV)
L T 13 5.7 (phe/keV) 4.7 (phe/keV) 6.5 (phe/keV)
zi - x -32 3.6 (phe/keV) 2.9 (phe/keV) 3.6 (phe/keV)
_// 1 I 1 1 1 ]
/A IR IS IS IS B B B | | :
Yov ¥ Measured light Scintillation Asymptotic scintillation
collection contribution to contribution
light collection (Vov — o)
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FIRST RESULTS

Ba-133 photopeak (81 keV) results [Preliminary]

Analysis of the overall light collection and resolution, important to decide the operating voltage of SiPMs.

Light collection comparison Resolution comparison
5 ; ) 30
ri‘:. 10 * T = 21 2C |~ Model fit y — } = = 21 eC
& || - T =-13 °C | Model fit ’!/'/ F T(oc) LCscmt @4V B 25 ? T = -13 =C
i g + T =-32°C Model fit pragve g i . T = -32 oC
- } _:'4’,/ 5 N
_‘ LC(scintillation) -PDE ;; Room 45 (phe/kev) 'ﬁ 20— i f
- T P -13 4.7 (phe/keV) RS
. e — i N S T
N A -32 2.9 (phe/keV) N U e e N S A Iy
Pl £ r _“\‘ - g
1 ) 10: ““‘-3:"_"““*1.‘"*""§ T ; °
v i ! -t
ov | v v v b v b | | B 5l | | [ Ly |
0 1 2 3 4 5 6 7 1 2 3 4 5 6 7 8
Vov (V) Vov (V)

Setting the operation point is a balance between resolution,
high scintillation light detection and low cross-talk contribution.
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FIRST RESULTS

Ba-133 photopeak (81 keV) results [Preliminary]

Analysis of the overall light collection and resolution, important to decide the operating voltage of SiPMs.

Light collection comparison Resolution comparison

5 ~ ) 30
ri‘:. 10 * T = 21 2C |~ Model fit y — } = * T = 21 °C
& || - T = -13 °C - Model fit ’!/’ F T(°C) Lcsemt @4V B 25l ? = T = -13 ¢C
i g + T =-32°C Model fit pragve g i . T = -32 oC

= I ,,‘:_4,»” 5 AT

_‘ LC(scintillation) -PDE ;_;:«;”' Room 45 (phe/kev) 'ﬁ 20— i f

& !":::g:::-‘ * » :‘2 i N

- g " -13 4.7 (phe/keV) i

- P g & 15—

a— A g T

L ‘::,’.' - |

T -32 2.9 (phe/keV) by ]

2 g v 10 -4

f’ﬁl

;/ R T

o \ o L -

0 1 2 3 4 5 6 7 7 8

Vov (V)

Vov (V)

Vov = 4 V (T=-32 °C) gives a LCsnt of
2.9 phe/keV (24% cross-talk) and a
stabilized resolution of *12% (81 keV).
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SUMMARY

ANAIS+ could lead to an improvement on the ANAIS-112
experiment, replacing the PMTs by SiPMs to read the
scintillation light of the detector. That could allow a reduction
in its energy threshold that would give a better sensitivity

and reduction in some systematic effects on the comparison
with DAMA/LIBRA.

/

/ A prototype has been built and first measurements show
/.-f' the expected behaviour of the SiPMs and Nal(Tl) scintillator
/

/

with temperature.

This first prototype results in a LC of 3 phe/keV at
temperatures of = -30 °C .
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Working to better understand the SiPM response and improve the DAQ to avoid
signal saturation and undershoot effects.

Studies using pure Nal will be carried out in near future. We expect an increase on
the light collection when decreasing the temperature.

A new cooling system will be incorporated, allowing to reduce temperature =100 K
to explore the properties of Nal - Nal(Tl) + SiPMs down to this temperature.

Assembly of a new prototype, coupling four of the six faces of the Nal cube to SiPMs
arrays. As part of a posible collaboration with the Laboratori Nazionali del Gran
Sasso, this prototype may integrate a specifically designed SiPM model.
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ANAIS+ PROTOTYPE: SER calibration

LED light (Amax = 400 nm, UV range) used to calibrate the Run 711 [Channel 4]

ADC

single photoelectron response of each channel: Hos Height—' _

< Injected via optical fiber giving a good illumination of o Area (|n§|de
I ch | %0 . Integration
all channels. 60 ' window)

40
\/

% Activated by a pulse generator with constant frequency 20

— used simultaneously as acquisition trigger. Each pulse

-20

has a square shape and a width of 40 ns. oo aes a0 aos swo aws o0 sw 300 1000
% The light level can be controlled with a light filter to Typical LED light signal measurement

guarantee a low number of phes identified in all Vov = 6.5V

channels. Temperature = -22 °C
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ANAIS+ PROTOTYPE: SER calibration

ﬂoﬂ &\)(e Run 711 [Channel 1] Run 711 [Channel 2] Run 711 [Channel 3]
Run 711 [Channel 4] Qe(‘) ]
g L '(6(0
- Height md
120—
100 Area (inside

0 Integration
s window)
40

20

-20

0' : ‘J_OOI — ‘206 = ‘300 : : ‘406 500I ' 600 ' 700' — Iaoa = ‘906 ( ]-‘0)00 nﬂ 100 200 \Sonll;ﬂn” ‘SL:-L;::‘;[L::GE nﬂ 100 200 ‘ﬂﬂn“ ;éﬂ”sﬂ:‘l‘igﬁéﬂ‘;z:ﬂ nﬂ ’ 100 200 ‘SODH;HDH ‘Eé:.:_;::n[m;:o
Time (ns

Typical LED light signal measurement Clear identification of 1,2,3 ... photoelectrons

peaks in the height spectrum of each channel.
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ANAIS+ PROTOTYPE: SER calibration

bc:’\‘ ,lOC Calibration Run 711
. 3 2000
Run 711 [Channel 4] SR .
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2 F T T (9] 00, i 1400
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i ml | | ‘ L1 ‘ I ‘ | ‘ I | ‘ 0 400;

. . . 50 100 150 200 250 300 200
Typical LED light signal measurement Height () L

Two-dimensional (area vs height) L .

. : : Calibration stability between
calibration of the SER for different channels
overvoltage (Vov) values.
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