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THE CASE FOR A DIRECTIONAL ARGON 
DETECTOR

• WIMPs are still excellent 
candidates for particle dark 
matter
• SUSY WIMPs with masses > 

100 GeV and cross sections: 
10-45 - 10-49 cm2

• Observation of a few 
WIMP-like events might 
not be enough to claim 
discovery

➔ Directional detection 
allows for background 

discrimination and 
unambiguous discovery

LHC@14 TeV

LHC 
Post Run1 viable SUSY models predict high mass and low cross 
section WIMPs (even below the neutrino floor)

DARKSIDE 
A program for the Ultimate DM Search with 39Ar-suppressed 
Argon TPCs
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chemical engineering CAD programs, such as As-1139

pen [100].1140

The two Aria columns, Seruci-I and Seruci-II, will1141

consist of 28 modules of 12m height, pre-assembled1142

at the factory and ready for deployment in the shaft.1143

In November 2015, Carbosulcis started the refur-1144

bishment of the Seruci-I mine shaft, in order to make1145

it suitable to host both the Seruci-I and Seruci-II1146

columns.1147

Calculations indicate that Seruci-I will be able to1148

process UAr at a rate of 10 kg/d, obtaining a 39Ar1149

depletion factor of 10 per pass. The rate in Seruci-II1150

for the same depletion is 150 kg/d. The same model1151

predicts that the Seruci-I column will also have the1152

separation power to remove all chemical impurities1153

(including traces of N2, O2, and Kr) with separation1154

power better than 103 per pass and at the rate of1155

O(1 t/d).1156

VIII. DARKSIDE-20K OVERALL1157

DESCRIPTION1158

The DarkSide-20k facility consists of the1159

LAr TPC and its cryostat and cryogenics and pu-1160

rification system; the surrounding active shielding1161

and its fluid handling plants; the readout, data ac-1162

quisition, high-voltage, and monitoring electronics;1163

the calibration systems, and the cleanrooms for1164

parts preparation, assembly, and installation.1165

The facilities that must be built from scratch, in-1166

cluding a new water tank and a new liquid scintil-1167

lator vessel, will benefit from the prior experience1168

of the DarkSide-50 construction. Fig. 9 shows a 3D1169

rendering of the major infrastructures required for1170

DarkSide-20k.1171

Sec. IX through XVII will detail the pro-1172

posed configuration of the DarkSide-20k experiment.1173

Sec. XVIII describes the proposed plans for data1174

analysis and Monte Carlo simulations. Sec. XXI1175

through XXII detail the requirements for construc-1176

tion material, the background budget, and the1177

sensitivity of the proposed DarkSide-20k detector.1178

Sec. XXVI introduces the Work Breakdown Struc-1179

ture (WBS) and associated budget, as well as for the1180

milestones of DarkSide-20k.1181

IX. VETO DETECTORS: LSV AND WCV1182

A key element in the strategy for rejecting1183

background in DarkSide-20k is the use of high-1184

e�ciency neutron and muon vetoes. Based on1185

the success of the current veto configuration for1186

DarkSide-50 in maintaining a background free en-1187

vironment, the proposed detector design calls for1188

FIG. 9. Planned layout of the DarkSide-20k experiment.
On the left-hand side, the DAr recovery tank; on the
right, the new WCV water tank enclosing the new LSV
sphere and the DarkSide-20k LAr TPC.

deployment of the DarkSide-20k cryostat inside a1189

newly constructed veto system, which will resemble1190

that of DarkSide-50. The CTF is currently host-1191

ing DarkSide-50 and its LSV and serves at the same1192

time as active shielding against external radiogenic1193

and cosmogenic backgrounds and as a muon veto to1194

further suppress cosmogenics. The CTF is a 11m di-1195

ameter, 10m tall water tank, while the current LSV1196

is a 4.0m diameter stainless steel sphere filled with1197

boron-loaded liquid scintillator that sits in the center1198

of the CTF. Because the size of the DarkSide-20k1199

cryostat will be similar to the diameter of the current1200

LSV, the existing LSV must be replaced by a larger1201

version, 7m in diameter, which will be equipped1202

with PMTs similar to those in use for DarkSide-501203

and will be filled with the same boron-loaded liq-1204

uid scintillator. In order to provide a su�cient level1205

of shielding against �-rays from the laboratory rock1206

walls and other external components, a new stainless1207

steel water tank 14m in diameter and 14m tall will1208

be built. The water tank will be instrumented with1209

PMTs to provide at least 3.5m of active shielding to1210

the LSV in all directions.1211

To achieve at least the same light yield per unit1212

of quenched energy inside the new LSV, the surface1213

area covered by PMTs will be increased. This will1214

compensate for the increase in surface area and for1215

the loss of light due to the moderate attenuation1216

length (a few to ten meters) of the scintillator cock-1217

tail. 100 20 00 PMTs will be used in the new LSV,1218

leading to ⇠13% photocathode coverage, more than1219

su�cient to see the ↵-only decay of 10B following1220

a neutron capture. The total number of PMTs in-1221

side the newly constructed water tank will also be1222

increased, utilizing 100 20 00 PMTs to compensate1223
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AN INTEGRATED PROGRAM FOR THE ULTIMATE DM 
SEARCH WITH 39AR-SUPPRESSED ARGON TPCS
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Ultimate search requires 1,000 tonne×yr 
background-free exposure 
39Ar-suppressed Ar TPC can deliver 
thanks to unprecedented capability of 
suppression of β/γ background

All key enabling technologies funded and ongoing:
• Cryogenic SiPM (PDE>50%, dark rate <0.1 Hz/mm2)  
• Urania: 100 kg/d procurement of underground argon 
• Aria: active isotopic separation of 39Ar via cryogenic 

distillation
DarkSide-50 (now)

DarkSide-20k (≈2020?) Argo (≈2025?)zero background 
experiment in operation

100 tonne×yr background-free 
search

• 1,000 tonne×yr background-free 
search → reach the “neutrino floor” 

• precision low-E solar neutrino 
measurements

ArDM-1t (now)
ton-scale TPC operations and 

39Ar platform



DIRECTIONAL SENSITIVITY IN ARGON

Angular distribution of 
Argon recoils 
• 50 keV <ER< 200 keV
• MW=200 GeV 
• σ=10-46 cm2

Sidereal variation of WIMP 
wind from Cygnus results 
in a substantial anisotropy 
in Argon recoils

➡Hard for a background to 
mimic the directional 
signal

4 M. Cadeddu

Cygnus Constellation: 
Galactic 

Coordinates (l=90°,b=0°)

 

Mollweide equal area projection map of the celestial sphere in galactic coordinates (l, b) 



DIRECTIONAL WIMP RECOIL SPECTRUM
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WIMP DIRECTIONALITY @ LNGS
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WIMP DIRECTIONALITY @ LNGS
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Strong angular dependence of the event rate with respect to the z-axis of 
the detector as a function of the time of the day.

M. Cadeddu



Can we measure the direction of argon recoils 
in a LAr TPC?



LIQUID ARGON TPC: A PRIMER
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COLUMNAR RECOMBINATION
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The basic idea of CR:

When a nuclear recoil is 
parallel to the electric 
field, there will be more 
electron-ion 
recombination since the 
electron passes more 
ions as it drifts through 
the core of the track.

Columnar Recombination may display a sensitivity to the angle θR between 
nuclear recoil direction and drift field E in a LAr TPC 

⇒ a CR detector could have 1D-directional sensitivity 

M. Cadeddu



DIRECTIONALITY IN A CR DETECTOR
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Recoils at 180° give the same 
signal 
→ no head/tail discrimination  

"folded" recoil rate:

“DOWN+UP”

Strong angular dependence of the event rate with respect to the 
z-axis of the detector as a function of the time of the day

UP

DOWN

 

H O R

H O R

M. Cadeddu



For a detector located at LNGS, capable of distinguishing only horizontal or vertical directions, with no 
head-tail discrimination: 

Ratio of horizontal WIMP induced Ar recoils to vertical ones varies of a factor 4 over the day 
(acceptance ±30°)

DIRECTIONALITY IN A CR DETECTOR
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FROM THEORY TO EXPERIMENT 
NUCLEAR RECOILS IN LIQUID ARGON

13

 

 
 

   

   

 

• Energy ≠ S1: energy deposited into 
3 channels (excitation, ionisation 
and “heat”, prominent for NR, 
reducing their S1 & S2) 

• Excitation and recombination lead 
to the S1, while escaping ionization 
electrons lead to the S2 

• Divisions at each stage are functions 
of particle type, electric field, and 
dE/dx or energy, eventually also 𝜗

⇒ S1 and S2 expected to depend on E and θR



SCENE DATA: SCINTILLATION AND IONIZATION 
SIGNALS IN ARGON
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We want to quantify the capability of a typical double-phase LAr-TPC detector to discriminate the 
possible effect of the columnar recombination as a function of the angle.

The inherent S1-S2 anticorrelation in the recombination model can now be expressed as

 

 

 

Angular dependence of Rj

 

H. Cao et al. (SCENE Collaboration)
Phys. Rev. D 91, 092007



COLUMNAR RECOMBINATION AS SEEN BY SCENE 
Substantial CR:   more light, less charge

CR small:    less light, more charge
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Hint for anisotropy of 57.2 keV nuclear recoils
⬇⬇

RED will provide further investigation with more precise measurements, an 
improved detector and an optimized experimental setup



IMPROVING ON SCENE: DIRECTIONAL MEASUREMENT
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angular resolution 
depends on S1 and S2 
resolutions

 



RED CONCEPTUAL DESIGN

Closed 
kinematics 
approach

nToF

Ar 
nuclear 
recoil

monoenergetic 
neutron beam

An experiment to sense recoil directionality in Liquid Argon
A monochromatic neutron beam on a Liquid Argon target with a segmented nTOF spectrometer 

to detect the direction of the scattered neutron

M
. Z

ull
o



RED OVERCOMES THE WEAK 
POINTS OF PREVIOUS EXPERIMENTS
• GAP-TPC: an innovative SiPM-based LAr detector with 

unprecedented performance in terms of S1 and S2 
resolution

• Cryostat optimised to minimize neutron multiple 
scattering

• A dedicated neutron beam line to accumulate enough 
statistics and permanent space allocated at UNINA 
Tandem laboratory

• A beam collimator to select neutron energy with high 
accuracy and to shield undesired gammas 

• Large acceptance, modular, nToF spectrometer to 
minimise data taking systematics 

18
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program to get to the point where one can confidently order to a vendor SiPMs matching the requirements of 
a full optical coverage GAP-TPC.  
A preliminary work will be dedicated to choosing the optimal SiPM structure. A SiPM consists of a matrix 
of small-sized sensitive elements called micro-cells (or SPAD) all connected in parallel. Each micro-cell is a 
Geiger-mode Avalanche Photodiode working beyond the breakdown voltage and it integrates a resistor for 
passive quenching. The characteristic capacitance of the SPAD and the quenching resistor determine the 
behaviour of the SiPM at low temperature, in particular the pulse duration, increasing with the decreasing 
temperature up to several hundreds of ns and for some models up to even µs. This feature represents a bottle 
neck for the use of such photodetectors in a LAr TPC because the long tail in the S1 signal would strongly 
degrade the PSD power. Shorter pulses can be obtained both by reducing the value of the quenching resistor 
and by reducing the SPAD capacitance. On the other hand, the quenching resistor values strongly affects the 
afterpulse rate of the SiPM, which is also to be taken into account. A good way to reduce the SPAD 
capacitance is using smaller size cells, with the drawback of reducing the fill factor, i.e. the active fraction of 
the device area. FBK, the research foundation leader in silicon photosensor development our partner in the 
mentioned R&D, has recently developed the HD technology for assembling SiPM with an extremely high fill 
factor thanks to the very narrow (2 µm) interspace between SPADs. This is a major step since it allows to 
work with a fill factor comparable (or even higher) to the normal SPADs but with a lower capacitance. The 
HD technology applied to the so-called RGB substrate has already been proven to work in LAr. The newly 
developed NUV-SiPM shows peak efficiency in the blue-UV part of light spectrum, much better matched to 
the scintillation light from LAr (128 nm shifted to 420 nm). For this project, we will engage FBK in the 
production of NUV-HD SiPM for cryogenic use, tuning the quenching resistance to get 500 kΩ at 87 K with 
a target recharge time constant ~ 10 ns. Several prototyping productions will be needed to find the optimal 
solution (costs for technology tuning: two R&D production lots of 12 6” wafers, 70 k€ each, including 
design, photolithographic masks, SiPM production, parametric and functional testing). The final choice will 
be driven by the results of specifically designed tests in our cryogenic laboratory. 
A second-phase will be dedicated to the realization of SiPM tiles of the desired size and shape in suitable 
packaging. Large-size, custom designed, cryogenic SiPM tiles will be developed with the following 
characteristics: fill factor ~90%, robustness (< 5% failure of the arrays when cooled), radiopurity (< 0.1 
µBq/mm2). A special development deserves the support on which SiPM dies are bonded to form an array. 
The commonly used PCB is not a radiopure material. CuFlon or similar materials will be used instead of 
PCB for assembling radio-pure SiPM arrays. Finally, the protective epoxy encapsulation used to protect wire 
bonding must be replaced with a radiopure silicon resin (cost for tile development, evaluation of supplier and 
production estimated to 50 k€).   
At the end we will have a reproducible, reliable, cryogenic SiPM 
technology developed in strict cooperation with the producer. For the 
certification of its performances at LAr temperature, dedicated test 
procedures should be set up. Similar protocols will be dedicated to the 
radiopurity certification. 

2.2. Detector structure 
The GAP-TPC will have a cylindrical size of about 5 cm diameter and 
height (fig. 5).  The chamber design will be optimized by a Monte Carlo 
study aimed at maximizing the detection efficiency while reducing the 
probability of unresolved neutron multiple scatters to a negligible level. A 
fused silica vessel defines the active volume. To the bottom part of the 
cylinder is placed the cathode, an ITO coated-fused silica window of a few 
mm thickness. On the top part, there is the (hexagonal mesh) grid for 
extracting ionization electrons to the gas pocket, the “diving bell” for 
creating the gas region as well as a second ITO coated-fused silica window 
acting as an anode. The drift field is applied between the cathode and the 
anode and is kept uniform along the drift coordinate by means of field 
shapers. In conventional LAr TPCs the shapers are metallic rings 
encapsulating the drift region. This solution is not applicable to a 4π 
coverage. Our idea is to realize the field shaping rings by thin coating the 
walls of the fused silica vessel with ITO. Finally, a wavelength shifter 
(TPB) is carefully deposited on the vessel and planar surfaces to convert 
the Ar 128 nm scintillation light to 420 nm. The ITO very high 
transparency to visible light, together with the 4π optical readout allows for 
the expected significant increase in the total light collection. Overall, this 

Fig. 5: GAP-TPC structure. 

GAP-TPC
• Compact, no dead spaces to minimise multiple 

scattering → fused silica vessel
• A drift distance such as to have a good 

separation between S1 and S2 signals 
• An higher extraction field to optimise S2 

measurement
• Innovative solutions for a 4𝜋 optical coverage
• Very uniform drift field
• Very high light yield LY >12 phe/keVee

• Exceptional single photon resolution (< 5-10%),
• Stable, high efficiency, high granularity pixellated 

photosensors
• Sub-cm (3-5 mm) spatial resolution on the XY 

plane to detect multiple scatterings and surface 
events. 

19 G. Fiorillo, B. Rossi, H. Wang
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Prob   0.4878
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Hybrid Integral spectra - Run 6000 - region 2

• Array size: 5x5 cm2 (active 2304 mm2)
• 64 SiPMs of 6x6 mm2
• SPAD size 35 um 
• SPAD capacitance ≈150 fF (@RT)
• Nominal SiPM PDE: 41% (@5Vov)
• SiPM Capacitance 3nF/channel
• Array fill factor about 76%
• Cryogenic readout board with 2 

outputs 32 channels summed each

INFN Napoli SensL-ArrayC-60035-64P

Integration window
 700ns

PRELIMINARY WORK: COMMERCIAL SIPM ARRAY @77K
Single Photoelectron spectrum

• Cryogenic readout board very robust and 
performing well 

• Excellent photon counting capabilities (SPE 
resolution)

• Best Light Yield ever achieved in LAr TPC 9.9 PE/keV
• SiPM detects >25% more light than the PMT

Very promising result in view of the RED 
experiment
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SIPM DEVELOPMENT AT FBK

Significant part of the preliminary work to identify the device specifications and 
to optimise the technology already performed
Synergy with the ongoing DarkSide R&D program. Productions are sufficient to 
assemble enough tiles to perform preliminary tests and equip the GAP-TPC.

A 10x10 cm2 SiPM array would have a total 
DCR < 100 Hz!

DarkSide SiPM R&D

• Custom SiPMs featuring a very sharp peak in 
the single cell response and a slow recharge
‣ suppressed afterpulsing 

• NUV-HD technology
‣ small microcells (< 30 um)
‣ high FF (up to 78%)
‣ PDE in excess of 55% at 410 nm 
‣ low correlated noise

• Very efficient packaging and very high fill 
factor at the tile level (≃90%)

NUV-HD

A. Gola



TIMELINE OF THE RED EXPERIMENT
• Phase 1: aiming at confirming the results obtained by 

the SCENE experiment. 
• Data taking campaign on the neutron beam line with a 

preliminary experimental configuration 
• provisional neutron beam setup;
• GAP-TPC prototype installed in the final cryogenic 

system; 
• preliminary nToF spectrometer (few LSci detectors). 

• Phase 2: directionality studies. 
• Detectors in final configuration and neutron/gamma data 

taking 
• optimised beam target + collimator, 
• final GAP-TPC with ancillary systems,
• full size nToF spectrometer. 



GAP-TPC PROTOTYPE

G. Fiorillo, B. Rossi, L. Roscilli



GAP-TPC PROTOTYPE: FE R/O & DAQ 
• Top:

Number: 32 SIPMs
Size: 6x6mm2 active area- 7.2x7.2mm2 size) 

• Bottom:
16+16 SiPM → 2 outputs

• READOUT STRATEGY
A. Single pixel readout (32 outputs) + 2 bottom
B. 1.4x0.6cm2 grouping (16 outputs) +2 bottom
C. 1.4x1.4cm2 grouping (8 channels) +2 bottom

• DAQ system
• TPC:

2xV1730
Total channels: 16+8 ch
Sampling: 2 ns
Resolution: 14 bit

• NToF (LSci):
2xV1724
Total channels: 8 ch
Sampling: 10 ns
Resolution: 12 bit

24

Readout configurations B&C already fulfilled  
10ch missing for Configuration A

46#mm#–#1.8’’#diameter#

Actual inner size of the prototype

B. Rossi
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THE RED PROJECT
• Timely 
‣ Adding directional sensitivity to next generation LAr multi-

tonne detectors (DarkSide-20k, in run by 2020)
• Highly innovative 
‣ GAP-TPC is the first LAr detector to use SiPM readout 

and a 4𝜋 geometry
• Large potential impact on direct DM searches 
‣ Close the gap between detectors with the potential to 

reach neutrino floor and beyond and those with directional 
sensitivity → a difference of 3 orders of magnitude in mass

N



• Status:
detector under construction, commissioning expected 
by the Summer
simulation and physics studies ongoing

• Participating groups:
INFN (Cagliari, Genova, LNGS, Napoli, Pisa, Roma1, TIFPA)
APC-IN2P3, Princeton, Temple, UCLA

New collaborators are welcome!


