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Overview



Motivation for  Neutrinoless Double Beta Decay136Xe

• Finding  always implies new physics


• Lepton number violation 


• Neutrinos are Majorana fermions ( )


• Origin of neutrino masses


• Insight into absolute neutrino mass scale


• Possibly linked to matter and anti-matter 
asymmetry


• Experimental signature is a peak at the Q-
value (  for )

0νββ

ν ≡ ν̄

2458 keV 136Xe

Not to scale 
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ИТЭФ
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nEXO: Liquid Xenon Detector for 0νββ
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Main Characteristics : 

• SPADs connected in parallel operated in reverse bias mode 


• Incoming photon triggers charge avalanche 


• Single pixel is discharged


Advantages:  

• High gain at low bias voltage 


• Single photon detection resolution


• High radio purity than PMTs possible 


• Suitable at cryogenic temperature 

SiPM technology in nEXO
In nEXO we plan to use ~4.5  covered with VUV-sensitive SiPMsm2 NIM A 940 (2019)  



Uncorrelated Avalanche Noise  

- Dark Count Rate  (DCR)


Correlated Avalanche Noise 

- Afterpulse (AP)

- Internal Cross talk (CT)

- External CT 

For Internal Cross Talk  an additional 
discrimination is based on timing :


CT-P : Cross-Talk Prompt (<< 1 ns)

CT-D : Cross-Talk Delayed (> ns)

Noise Sources in SiPMs
6

IEEE Trans.Nucl.Sci. 65 (2018)
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SiPM technology in nEXO
In nEXO we plan to use ~4.5  covered with VUV-sensitive SiPMs


• 5 t of liquid xenon

• Improved charge (tiles) and light (SiPM) readout

• Projected Sensitivity: 


Photon Detector (PD) consists of 4.6m2 of SiPMs 

• ~46,000 1cm x 1cm VUV sensitive SiPMs (grouped  into 7680 6cm2 readout 

channels) 

• Basic integrated element is “tile module” (96 cm2) with ASIC 

• 24 “staves” contain 20 tile modules each  

m2

T0ν
1/2 ≥ 1.35 × 1028 yr



8Rotated energy resolution is dominated by light 
collection efficiency 

• Unlike charge, only <10 % of photons are collected


• Statistical fluctuation in collection drives overall 
nEXO resolution


• Understanding system level collection efficiency is 
key to accurately projection nEXO resolution 


• Sub-dominat (but not negligible) contribution from 
fluctuation in correlated avalanches (CA)

Energy Resolution and photodetector requirements

ϵP = PTE × CE = PTE ×
PDE
1-R

σΛ

1 + ⟨Λ⟩

arXiv: 1908.04128

Photon transport 
efficiency 

Photon collection 
efficiency 

Mean Charge in CA per 
primary PE

Photon Detection 
efficiency (PDE)

RMS of CA 
charge per PE

Energy resolution measured with EXO-200 

APDs at 2615 keV

Reflectivity (R)

Collection efficiency
Correlated 
avalanches

Uncorrelated 
avalanches

DCR
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Parameters Value

Photo-detection efficiency (PDE) at 175-178 nm in liquid Xenon ≥ 15%

Radio purity: contribution of photo-detectors on the overall background < 1%

Dark noise rate at -110 °C ≤ 10 Hz/mm2

Correlated Avalanches fluctuation (CAF) per pulse in 1μs at -110 C ≤ 0.4

Single photo-detector active area ≥ 1cm2

Operational gain

Capacitance per area < 50 pF/mm2

Equivalent noise charge < 0.1 PE r.m.s

nEXO SiPM Requirements at 163 K 

Three SiPMs analysed in this work:  2 Hamamatsu VUV4 MPPCs and FBK VUVHD3 SiPM

≥ 1.5 × 106 e−

CAF ≡
σΛ

1 + ⟨Λ⟩

See my Seminar  
for more details  
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nEXO 6x6  SiPMs candidates mm2

HPK VUV4-50 
Single devices 


50 um pitch 

HPK VUV4-Q-50 
Quad devices. 


50 um pitch

FBK VUVHD3  
substitutes


its previous generation 

FBK VUVHD1

Hamamatsu MPPCs

FBK SiPMIEEE Trans.Nucl.Sci. 65 (2018)

NIM A 940 (2019) 
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Photon Detection Efficiency (PDE) at 174 nm at 163 K
• PDE has been measured by TRIUMF and IHEP at 163 K and 233 K, respectively as a 

function of over voltage and wavelength

Requirement > 15% at ~ 175 nm

Requirement met from 1.5 V of OV !

FBK VUVHD1
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IEEE Trans.Nucl.Sci. 65 (2018)
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Light + Charge
Resolution

Light Contribution
to Resolution

σn

⟨n⟩
=

( (1 − ϵp)np

ϵp
+

np

ϵp
⋅ σ2

Λ

(1 + ⟨Λ⟩)2 + n2
pσ2

lm) + (nqt

τ +
σ2

q,noise

ϵ2
q )

⟨n⟩

nEXO Energy Resolution at  (  for )2458 keV 136Xe

Fluctuation due to number  
of photons detected  (PDE)

Fluctuation Due to 
Correlate Avalanche Noise 

(CA/RMS)

Fluctuation due to the 
number of charges detected

12nEXO Requirement: 
σn

⟨n⟩
≤ 1 %

Fluctuation due to  
electronic noise in charge 

channel

Residual Calibration 
Uncertainty 

arXiv:2209.07765

eCT is not yet accounted . This talk
PDE drives the minimum.

https://arxiv.org/abs/2209.07765


External Crosstalk 
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Optical Cross talk measurements at TRIUMF PHASE 1

Princeton Instruments  
HRS 300-MS 
Spectrometer

Princeton Instruments  
PyLoN 400 BRX 

CCD Camera

Olympus 
IX83 Microscope

Objective lenses  
with Z-translation

Optical Filter 
Array

Adjustable Slit

Silicon Photomultiplier 
XY-translation ̂y

̂z
̂x

C-Mount 
Adapter

Blaze Diffraction 
Grating on 

Rotating Stage Lenses
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• R o o m t e m p e r a t u r e 
measurements 

• Emission of light limited 
from dark noise driven 
avalanches

• Limited at high over 
voltages 

SiPM 
stage

Liquid 
nitrogen 
camera

Two SIPMs studied:  Hamamatsu VUV4 MPPC and FBK VUVHD3 SiPM



15

TRIUMF setup in a nutshell 

Either: 
A. Imaging 
B. Spectroscopy

Emission 
Filter

+

Emitted 
Light
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Visible 
Spectroscopy 

Mode

NIR 
Spectroscopy 

Mode

Objective

2nd order cut

Diffraction 
Grating

Cryogenic 
Camera

Microscope

10.3390/s21175947
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SiPM structure and light emission 

Interference 
Effects 

Si

SiO2  

Active Region

Trench
Reabsorbed 

Internal 
CrossTalk? 

External 
Crosstalk ?
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Visible 
Spectroscopy 

Mode

NIR 
Spectroscopy 

Mode

Objective 
Acceptance

Light is emitted isotropically 
from a point near where the 
initial photon was absorbed.

Some considerations: 

1) Objective Acceptance is really 
small due to limited NA


2) Isotropic emission is spoiled by 
SiPM top structure 

SiPM

10.3390/s21175947
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External CT driven by Dark Avalanches:  
Imaging mode 10.3390/s21175947

20×

4×

FBK 
VUVHD3

FBK Light Emission 
is extremely uniform

HPK light emission 
present not-uniform 
distribution 

20×

4×

HPK 
VUV4
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PHASE 2

Princeton Instruments  
HRS 300-MS 
Spectrometer

Princeton Instruments  
PyLoN 400 BRX 

CCD Camera

Olympus 
IX83 Microscope

Objective lenses  
with Z-translation

Optical Filter 
Array

Adjustable Slit

Silicon Photomultiplier 
XY-translation ̂y

̂z
̂x

C-Mount 
Adapter

Blaze Diffraction 
Grating on 

Rotating Stage Lenses
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 (MIEL) 

Microscope for Excitation and Luminescence characterization

Optical Cross talk measurements at TRIUMF

• Cryogenic measurements.


• Vacuum chamber at the top of 
the microscope with a window


• Laser injection to probe low 
over voltages

Vacuum 
chamber

Vacuum 
chamber

Liquid 
Nitrogen 
Dewar

Laser
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Upgraded TRIUMF setup

Either: 
A. Imaging 
B. Spectroscopy

Emission 
Filter

+

Emitted 
Light

Objective

2nd order cut

Diffraction 
Grating

Cryogenic 
Camera

Microscope

Collimated 
and Pulsed 
Laser Light

Vacuum 
Window

Vacuum 
Chamber



20Emission Map (A)

Cross structureLaser Spot

FBK

HPK

*images include prompt and delayed cross-talk

Prelim
inary

Prelim
inary

External Crosstalk measurements Laser Driven
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External CT driven by Laser Avalanches:  
Spectroscopy mode

Preliminary

FBK HPK

• Interference patter compatible with PDE measurements 
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External CT driven by Laser Avalanches:  
Spectroscopy mode (Integral)

Very little ! Yes, but this is only what it gets in the NA of the objective ….

Preliminary

FBK HPK
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Extraction of the photon source term

Ansys Lumerical FDTD

• Attempt at simulating the cross-talk 
effects using an isotropic source located 
in the avalanche region

•Photons are produced as a result of the 
avalanche process
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Extraction of the photon source term
Published FBK Measured Emission Spectrum

Simulated transmission using Ansys Lumerical FDTD

Extracted Photon Production Spectrum at Source

10.3390/s21175947

Transmission 1.33 um 
SiO2

• Slight miss-alignment between interference 
peaks leads to small oscillation. 


• The source spectrum is not expected to have 
any oscillations

Preliminary
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Extraction of the photon source term

https://optics.ansys.com/hc/en-us/articles/6676559298323-SPAD-Secondary-Emission-and-Absorption
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Extraction of the photon source term

FBK FBK
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Light Produced/Source in the silicon (Integral)

More that 100 photons produced x avalanche, depending from Vov ! But again this is in the silicon. 

FBK HPK
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On average 1/2 photons per pulse are emitted in Air, depending from Vov, what about LXe and LAr ? 

HPK

External CT driven by Laser Avalanches in Air

FBK
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External CT driven by Laser Avalanches (LXe/
LAr) at 4Vov

Strategy that follows 

• Measure Photon Yield in MIEL


• Measure PDE in the infrared (see DS-20k 
SiPMs as an example)~10%


• Use LolX to validate in situ (LXe) results



Conclusions
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Conclusions

• Presented a complete set of measurements on eCT  
that can be used in simulation. 

• A publication is in progress with these new results. 


• Need more time to understand the impact on energy 
resolution.  

• Minimum is preserved but it may degrade energy 
resolution at higher Vov



Thanks!
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Contacts:
gallina@princeton.edu             

mailto:gallina@princeton.edu


Backup
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Main Characteristics : 

• SPADs connected in parallel operated in reverse bias mode 


• Incoming photon triggers charge avalanche 


• Single pixel is discharged


Advantages:  

• High gain at low bias voltage 


• Single photon detection resolution


• High radio purity than PMTs possible 


• Suitable at cryogenic temperature 

SiPM technology in nEXO
In nEXO we plan to use ~4.5  covered with VUV-sensitive SiPMsm2
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Requirement at 163 [K]: DCR < 10 Hz/mm2

• Requirement met in the entire range of OV studied! 

2 3 4 5 6 7 8
over voltage [V]

1−10

1

]2
D

ar
k 

C
ou

nt
 R

at
e 

(D
C

R
) [

H
z/

m
m TR VUVHD3 #1

TR VUVHD3 #2
TR VUV4-50
TR VUV4-Q-50
ER VUVHD1

Dark Count Rate (DCR)
Computed using time differences between pulses as shown in 10.1016/j.nima.2017.08.035

1 10 210 310 410 510 610 710 810 910 1010
time difference wrt the primary pulse [ns]

3−10

2−10

1−10

1

10

210

310

410

510

610

]2
pu

ls
e 

ra
te

 [H
z/

m
m  0.18) [V])±TR VUVHD3 (5.64 

 0.16 [V])±TR VUV4-Q-50 (5.37 
 0.16 [V])±TR VUV4-50 (5.12 

DCR

NIM A 940 (2019)  

IEEE Trans.Nucl.Sci. 65 (2018)
Grey points !



0 1 2 3 4 5 6 7 8 9
over voltage [V]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

ex
tra

 c
ha

rg
e 

pr
od

uc
ed

 b
y 

C
As

 [P
E] TR VUVHD3 #1

TR VUVHD3 #2
TR VUVHD3 #3
IHEP VUVHD3 (223 [K])
BNL VUVHD3 #1
BNL VUVHD3 #2
BNL VUVHD3 #3
YALE VUVHD3
UMASS VUVHD3
ST VUVHD1 #1
ST VUVHD1 #2

36

Correlated Avalanches FBK VUVHD3

• FBK VUVHD3 is improved compare to FBK VUVHD1.

• Defined as the ratio between the RMS ( ) and the mean  extra charge procured by 
correlated avalanches (CA) per pulse 

σΛ ⟨Λ⟩

FBK VUVHD1

CAF ≡
σΛ

1 + ⟨Λ⟩

IEEE Trans.Nucl.Sci. 65 (2018)
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Correlated Avalanches FBK VUVHD3

• FBK VUVHD3 is improved compare to FBK VUVHD1.

• Defined as the ratio between the RMS ( ) and the mean  extra charge procured by 
correlated avalanches (CA) per pulse 
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FBK VUVHD1

CAF ≡
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IEEE Trans.Nucl.Sci. 65 (2018)
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Correlated Avalanches HPK VUV4 MPPCs

HPK VUV4-50

• HPK VUV4 has almost no correlated avalanches (CA) and it is significantly better 
than the HPK VUV4-50 tested previously

CAF ≡
σΛ

1 + ⟨Λ⟩
• Defined as the ratio between the RMS ( ) and the mean  extra charge procured by 

correlated avalanches (CA) per pulse 
σΛ ⟨Λ⟩

NIM A 940 (2019)  
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Correlated Avalanche Fluctuation (CAF)
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• The error bars account for the 
s p r e a d b e t w e e n d iff e r e n t 
measurements 


• HPK MPPCs sat is f ies the 
requirement  in the entire range 
of OV studied 

• FBK VUVHD3 satisfies the 
requirement up to 3/3.5 V of OV

• Defined as the ratio between the RMS ( ) and the mean  extra charge procured by correlated 
avalanches (CA) per pulse 

σΛ ⟨Λ⟩
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Photon Detection Efficiency (PDE) Wavelength Dependence
• LXe scintillation spectrum is a gaussian with a mean of 174.8 nm and a STD of 4.33 nm

• FBK thin film interference in the SiO2 top layer. Compatible with specular reflectivity 
measurements done at IHEP and published in 10.1109/TNS.2020.3035172
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41• LXe scintillation spectrum is a gaussian with a mean of 174.8 nm and a STD of 4.33 nm
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• HPK MPPCs Quad devices have an efficiency higher of the corresponding single 
package 50um pitch device

Photon Detection Efficiency (PDE) Wavelength Dependence
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External CT driven by Dark Avalanches:  
Spectroscopy mode

FBK VUV-HD3 Dark Noise Emmission Spectrum vs Over Voltage
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• FBK produces less light than HPK


• FBK light emission shows interference pattern. Compatible 
with reflectivity measurements done done in the context of  
nEXO

10.1109/TNS.2020.3035172
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Simulation studies

FBK VUV-HD3 Dark Noise Emmission Spectrum vs Over Voltage
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Measurements Extraction of the sources term Predict Angular 
distribution  

In the previous paper interference was not accounted. We corrected for the objective NA. 

Now we are interested to see the photon angular distribution. We need a careful simulation 


