
Directional dark matter search with 
nuclear emulsions

Valeri Tioukov

INFN Napoli

NEWSdm collaboration



NEWSdm COLLABORATION

https://arxiv.org/pdf/1604.04199.pdf

81 physicists 
23 Institutes 

news-dm.lngs.infn.it

ITALY
LNGS,
INFN: Napoli, Roma, Padova
Univ.: Napoli, Roma, Padova, 

Potenza, Benevento JAPAN
Chiba, Nagoya, Toho

TURKEY
METU Ankara

SOUTH KOREA
Gyeongsang University

RUSSIA
LPI RAS Moscow 
JINR Dubna
SINP MSU Moscow 
INR Moscow
NUST MISiS Moscow
NRU HSE Moscow

Website:

Letter of intent:
2

https://arxiv.org/pdf/1604.04199.pdf
http://news-dm.lngs.infn.it


Outlook

• Physical concept: directional WIMP recoils search

• Technology advances as part of NEWS R&D

• Ongoing activity at LNGS

• Prospects and potential at LNGS

• News as DM search experiment

• Conventional DM

• Boosted DM

• Different NIT and  emulsion technology applications
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NEWSdm experiment concept 
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Underground 

laboratory
Gran Sasso (LNGS)

exposure using telescope

Super-high resolution device
Direction sensitive dark matter search with nano-tracking 

technologies for super resolution nuclear emulsion 

Super resolution detector
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Optical image readout

• Unique possibility to overcome the “neutrino floor”, where 

coherent neutrino scattering creates an irreducible 

background

• Directional information is helpful in understanding the DM 

model
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Nano Imaging Tracker (NIT) developed for NEWSdm

electron-

Ag core

Developing

500 nm 

AgBr(I) 
crystal

Density : 3.1 ± 0.1 g/cm3
Crystal size : 20÷80 nm (tunable)

C ions 100 KeV (SEM image)

NIM A Nucl. Inst. Meth. A 718 (2013) 519-521
PTEP (2017)063H01
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Solid-state detector
Density: 3.1 g/cm3

High-speed volume analysis for 
nanometric tracks is required



Direction detection challenge

Need super-resolution to measure tracks shorter than 200 nm

20 GeV/c2

50 GeV/c2

100 GeV/c2
10 GeV/c2

Track length [nm]

expected recoil length in the nuclear emulsion

WIMP mass
― : 100 GeV/c2

― :   50 GeV/c2

― :   20 GeV/c2

― :   10 GeV/c2

Optical diffraction limit

3.2 g/cm3

target : C,N,O, Ag, Br

L = 160 nm

Optical

X-ray

L = 265 nm

Optical

X-ray

L = 380 nm

Optical

X-ray

6



Optical readout beyond the diffraction limit 

• Super-resolution idea: use the plasmon resonance effect to overcome the 
diffraction limit:

• generated by a light wave trapped within conductive nanoparticles smaller than the 
wavelength of light

• resonant frequency strongly depends on the composition, size, geometry, dielectric 
environment and distance between nanoparticles

• occurs in the visible region for Ag and Au nanoparticles!

• improve resolution by analyzing scattered light polarization and spectrum

Oscillation of e-cloud 

λl

PTEP, Vol. 2019 Issue 62019, 063H02
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Optical images with 8 
polarizations

L = 213 nm L = 260 nm

BS = 37nm
L = 200 nm

Alexandrov, A., et al. Super-resolution high-speed optical microscopy for 
fully automated readout of metallic nanoparticles and nanostructures. Sci 
Rep 10, 18773 (2020). https://doi.org/10.1038/s41598-020-75883-z

LSPR-based super-resolution imaging based on 
join deconvolution set of 8 polarized images

SEM

SEM

Super-resolution image

Optical images with 8 
polarizations

Super-resolution image
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Joint Image Deconvolution - Comparison with SEM

Angular resolution: 270 ± 30 mrad

Length accuracy: 12 ± 1 nm

Spatial resolution: ~ 60 nm

NIT granularity: 71 nm 

Angular distribution Angular difference

Length differenceSR length vs SEM length

https://doi.org/10.48550/arXiv.2304.03645

Submitted to Sci. Rep.

https://doi.org/10.48550/arXiv.2304.03645


100keV  C-ionsAlpha track

Head-tail discrimination!

Image size 15 µm x 15 µm Image size 15 µm x 15 µm

LSP in the NIT emulsion
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LNGS surface LabNeutron flux @ surface Lab

Experimental Activity @ Gran Sasso Lab (ITALY)

LNGS underground Lab

Emulsion Handling Facility – Hall F

Production Room 

Clean Room ISO 6 

Capability ~100 g /day

Development Room

Clean Room ISO 7

Jan. 2021 – to date

~1.1 kg of dry NIT produced

>75 developments done
Lead shield : 5.6 cm 

Polyethilene : 31.5 cm

Target insertion by crane

Shielded Exposure set-up – Hall C

Cooling Box for Target



Activity at LNGS since Jan 2021



Results:

• Too many candidates (x102 more than expected e)

• Signal not increasing with in-shield exposure time

• Using NIT with reduced sensitivity to e➔ not enough

First underground exposure inside shield
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Neutron bg study at LNGS (external and underground)

first sub-MeV energy & direction n-spectrum measurement

Data:
p recoil tracks - precise energy 
and direction definition

NIT calibration @ n-beamMC
E vs range

Beam 
calibration 
result
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g-ray (b-ray)

Clearly distinguishable

✓ There is no background in sub-MeV region (2 ~ 14 
mm → 0.25 ~ 1 MeV in proton energy)

✓ MeV region can be analyzed excluding single-a
(especially 210Po peak around 24mm)

Exposed 5x107 g-ray/cm2

from 241Am
(5 years accumulation of 

environmental g-ray)

Topological or 
Range cut

50mm

NIT as a Neutron Detector
a-ray

Th star (228Th → 208Pb)

5 mm

Recoil proton signal

2023/8/24

✓ Environmental g-rays 
cannot become 

background

5 mm

210Po (24.5mm)

50μm

228Th

220R
n

216Po 

212Bi 

224Ra 

Single-a in U series
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T. Shiraishi, et al., Phys. Rev. C 107, 014608 (2023)
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N14(n p)C14

210Po 214Po

(Q value = 626keV)

Range distribution• Excess hypothesis:

• Emulsion films are contaminated with radon and 
its products during the production phase

• Emulsion becomes sensitive before the gel settles 
and remaining AgBr crystals mobility can lead to 
breaking of α tracks into smaller segments

• Two NIT emulsion batches prepared:

• In standard conditions

• In a Rn-free clean room

• Time-independent (214Po) peak, present in 
the standard conditions, has disappeared in 
the clean one!

• In-shield exposure of the Rn-free NIT is 
ongoing

Time independent Alpha tail associated with emulsion 
production phase 

Production in standard conditions: >2000 ev/g, Rn-free: <5 ev/g 



Future facility for NEWSdm: 10kg and beyond

Emulsion facility and shielding with an 

equatorial telescope

10 m10 m

Distributed setup with re-use of the existing 

facilities is possible and under consideration



Boosted DM scenario

Sensitivity curves of the 10 kg NEWSdm detector

for 1 year of exposure at the surface (Assergi)

level and exclusion plot from PROSPECT surface

experiment. The boundaries go through the dots

corresponding to three H and CNO recoil events

with track lengths of more than 70 nm.

M. Andriamirado et al., Limits on sub-GeV dark matter from the PROSPECT reactor antineutrino 

experiment, Phys. Rev. D 104 (2021) 012009

e.g. 10.1103/PhysRevLett.126.091804

Cosmic ray (p, He)

Dark matter
(Energy > MeV)

boosted to more than MeV  

Other boosting scenarios are also under study

e.g. multi-component DM annihilation of MeV WIMPs producing keV hadrophilic DM



• NEWSdm a double break-through in the Nuclear Emulsion technology:

• Nanometric granularity with NIT

• Super-resolution in optical domain by LSPR

• Detection principle of WIMPs by nuclear recoil demonstrated

• Production & handling facility operational @ Gran Sasso Underground

• Background studies in progress with 10g scale in shielding at -50 C°

• First-time directional measurement of sub-MeV neutron flux at surface Lab,  
will be extended to underground

• Physics goals at reach

• 10 kg·year -> DAMA region

• Boosted Dark Matter scenarios

• Scalability and discovery potential (challenging background!)

• 10–100 ton·year -> neutrino floor

• A CDR with all supporting measurements is submitted in July 2023

NEWSdm Collaboration 

Eur.Phys.J. C78 (2018) no.7, 578 

90% C.L. upper limits for the NEWSdm

detector with exposures of 10 ton year (30

nm threshold) and 100 ton year (50 nm

threshold) in the zero-background

hypothesis

Conclusion
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THANK YOU FOR ATTENTION!



Backup
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The neutrino bound is reached with:
➡10 ton x year exposure if 30 nm threshold
➡100 ton x year exposure if 50 nm threshold

REQUIREMENTS
• Larger mass scale detector 
• Reduction of track length threshold

• Discrimination based on 
measurement of recoil direction

• Unique possibility to search for WIMP 
signal beyond “neutrino floor”

Neutrino coherent scattering 
indistinguishable from WIMP 
interactions 
Phys.Rev.D89 (2014) no.2, 

023524 (Xe/Ge target)

NEWSdm Collaboration 
Eur.Phys.J. C78 (2018) no.7, 578 

Towards Neutrino Floor
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5

Breakthrough

σ ~ 6 nm!

Super resolution:  
3-dimensions!



C100keV C60keV

C30keV
C10keV

Plasmon analysis of isolated grains

pol angle

STATIC GRAIN

MOVING GRAIN

Directionality demonstrated with Carbon ions down to 30 keV
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LSP (Localized Surface Plasmon) resonance

*polarization rotating
Colored optical image of silver rod
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resonance

Ag grain size → resonance wavelength
~45 nm : blue

~80 nm : green
~45 nm : blue

~120 nm :orange–red

Annu. Rev. Phys. Chem. 58 (2007) 267-297

Appl. Phys. Lett. 80, 1826 (2002)

45x80 nm 45x120 nm
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http://www.annualreviews.org/doi/abs/10.1146/annurev.physchem.58.032806.104607
http://dx.doi.org/10.1063/1.1461072


Other (not DM) applications for NIT and emulsion 
technology

• Neutron directional measurements in sub-MeV region

• Microscopy and fast scanning systems development

• Neutrino physics: SND@LHC experiment ongoing at CERN

• Medical physics: FOOT (Fragmentation On Target) project

• QUPLAS for antimatter gravitation study

• Muon radiography
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Alpha-ray Counting Rate

Almost thin & horizontal 
tracks

Poured&dried in CR1 
(Rn-free)

→ 2 orders less than n-Run2 
(Chamber dry)

→ 3 orders less than n-Run1

2023/8/24 29



10 kg detector shield (1 m HDPE 

@LNGS)

Backgrounds

Intrinsic Radioactivity Rate [g × month]-1 Rate [kg × year]-1

Radiogenic neutrons (5.0 ± 1.7) × 10-6 0.06 ± 0.02

Intrinsic ß 33.7 ± 1.8 (4.04 ± 0.02) × 106

(Astropart. Phys.. 80 (2016) 16–

21)
γ measurements by NaI detector

Source Shield power

Environmental γ-rays < 10-3

Envir. neutrons < 4.7 x 10-2 (90 % C.L.)

Lead shield : 5.6 cm 

Polyethilene : 31.5 cm

Electron Rejection power
• ~ 10-2 by lowering T down to -70°C

• ~ 10-4 @ -70°C with shape analysis

• ~ 10-8 @ -70°C with track likelihood

Sensitivity vs. T: 

NIM A845 (2017) 373

Environmental Intrinsic

Ultimate solution: 

replace organic gelatin with a radio-pure 

polymer

Current shield


