
Elisabetta Baracchini, Gran Sasso Science Institute & INFN

High precision recoil imaging TPC for directional 
searches even beyond Dark Matter

Or how to surf through multiple physics cases with the same 
experimental approach

Soft electrons 
measured by LIME at  
underground LNGS

An Elisabetta surfing 
(for the first time)
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Imaging detectors: history

π+

π+

π−

DISCOVERY OF THE τ (K+) Brown et al, 1948
K+ ➔ π++ π++ π−

Cecil Frank Powell 
Nobel Laureate 1950

Carl Davis Anderson. Nobel Laureate 1936

DISCOVERY OF THE POSITRON

e+

e+

A COSMICCHARGED PARTICLE   (1)  ENTERS THE DETECTOR, LOSES ENERGY IN A 
METAL PLATE AND CONTINUES WITH LOWER ENERGY (2). THE CURVATURE IN 
MAGNETIC FIELD IDENTIFIES ITS SIGN AND MASS.

Expansion Diffusion

C. T. Wilson, A. Compton, Nobel Laureates 1927

Charles Thompson Wilson (1911)

Donald Arthur Glaser  
Nobel Laureate 1960

Mechanical expansion of 
supeheated liquid (H2)

K- + p -> K+ + Ω− +Κ0  
↳ Ξ−+ π0

↳ Λ + π−
↳ p +π−

Photographic emulsions Cloud chamber Bubble chamber
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Imaging detector today: (gaseous) TPC
Inherently a 3D detector

Sensitive to track sense & direction

Energy loss and track topology to efficiently reject background at O(keV) energy threshold

20 keVee electron recoil in He:SF6 755:5 Torr25 keVnr nuclear recoil in He:SF6 755:5 Torr

The issue: how to make a detector big enough for the physics case of your choice without 
spoiling tracks imaging by diffusion or readout granularity?

*my favourite, others exists

NOTE: in this talk 
we talk about 
(relatively) low 

rate environments



E. Baracchini - High Precision Recoil Imaging TPC for rare events searches even beyond Dark Matter - VISTAS on Detector 2022, 13th September 2022 1

Optical readout TPC with sCMOS + PMT readout
JINST 13 (2018) no.05, P05001
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Optical readout TPC with sCMOS + PMT readout
JINST 13 (2018) no.05, P05001 PMT: 
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Optical readout TPC with sCMOS + PMT readout
sCMOS: 

high granularity  
X-Y + energy measurements

JINST 13 (2018) no.05, P05001 PMT: 
 integrated  

Z + energy measurement

dr
ift
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straight track

tilted track

straight track

tilted track

Market pulled  
Single photon sensitivity 
Decoupled from target  
Large areas with proper optics

A single cameras can image a 36 x 36 cm2 
area with an effective pixel size of  

160 x 160 um2 (see later)
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Optical readout TPC with sCMOS + PMT readout
sCMOS: 

high granularity  
X-Y + energy measurements

JINST 13 (2018) no.05, P05001 PMT: 
 integrated  

Z + energy measurement
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tilted track

straight track

tilted track+ SF6 for negative ion drift (see later)

Market pulled  
Single photon sensitivity 
Decoupled from target  
Large areas with proper optics

A single cameras can image a 36 x 36 cm2 
area with an effective pixel size of  

160 x 160 um2 (see later)
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sCMOS characteristics & gas emission spectra
https://www.hamamatsu.com/eu/en/product/cameras/cmos-cameras.html

HAMAMATSU # of pixels pixel size 
[um2]

sensor area 
[cm2]

dynamic 
range

readout noise 
(fast scan)

Exposure 
time (fast)

Orca Flash 2048 x 2048 6.5 x 6.5 1.33 x 1.33 37000:1 1.4 (1.6) rms 33 (10) us

Orca Fusion 2304 x 2304 6.5 x 6.5 1.498 x 1.498 21400:1 0.7 (1.4) rms 280 (17) us

Orca Quest 4096 x 2304 4.6 x 4.6 1.884 x 1.060 25900:1 0.27 (0.43) rms 200 (7.2) us

Ar:CF4 spectra Ar:CF4 & He:CF4 photon production

NIM A 504 (2003) 88-92

sCMOS

Lower light yield 
Lower noise 

Lower power consumption 
Cheaper than CCD  

Under rapid developments

Larger light yield 
Crispier images 

Higher uniformity 
Larger noise 

Larger power consumption

CCD
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Photographing tracks
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He:CF4 @ 1 atm
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TPC with Negative Ion Drift (NID) operation

J. Martoff et al., 
NIM A 440 355

T. Ohnuki et al., 
NIM A 463

Electronegative dopant in the gas mixture (CS2, SF6, 
CH3NO2, …) 
Primary ionization electrons captured by electronegative gas 
molecules at O(100) um 
Anions drift to the anode acting as the effective image 
carrier instead of the electrons and reducing both 
longitudinal and transverse diffusion to thermal limit

Reduced diffusion = improved tracking
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TPC with Negative Ion Drift (NID) operation

J. Martoff et al., 
NIM A 440 355

T. Ohnuki et al., 
NIM A 463

Electronegative dopant in the gas mixture (CS2, SF6, 
CH3NO2, …) 
Primary ionization electrons captured by electronegative gas 
molecules at O(100) um 
Anions drift to the anode acting as the effective image 
carrier instead of the electrons and reducing both 
longitudinal and transverse diffusion to thermal limit

Reduced diffusion = improved tracking Multiple charge carriers = fiducialization!!

start together …but drift at 
different velocity

D. Snowden-Ifft, Rev. Sci. 
Instrum. 85 (2014) 013303

DRIFT

N.S.Phan et al., JINST 12 
(2017) no.02, P02012

From 2015 demonstrated 
also with SF6
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Negative ion drift: history & status
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MANGO

Negative ion drift at atmospheric pressure with optical readout

NEW! Data analysis on going and paper in preparation

Drift gap (variable 
from 5 to 15 cm)

Triple thin 50 um 
GEM stack
10 x 10 cm2

PMT

Charge sensitive 
preamplifier 

300 us decay time 
0.113 mV/fC

Shaper amplifier 
shaping time 

 0.5 us (ED)/ 10 us (NID)

Oscilloscope 
Trigger on GEM 
preamp output

sCMOS camera Orca 
Fusion focused through 
Schneider lens (f/0.95) 

on the last GEM

Acquire sCMOS images, PMT & GEM 
waveforms with 241Am source

*Detector operated at LNGS (900 m): atm pressure is 880 mbar

This project has received fundings under the European Union’s Horizon 2020 research and innovation programme from the Marie 
Sklodowska-Curie grant agreement No 657751 and from the European Research Council (ERC) grant agreement No 818744

Imaging 10 x 10 cm2 area
Effective pixel granularity 45 x 45 um2

From 5 to 15 cm drift gap
Sensor geometrical acceptance 1.1 x 10-3
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MANGO

Negative ion drift at atmospheric pressure with optical readout

NEW! Data analysis on going and paper in preparation

Drift gap (variable 
from 5 to 15 cm)

Triple thin 50 um 
GEM stack
10 x 10 cm2

PMT

Charge sensitive 
preamplifier 

300 us decay time 
0.113 mV/fC

Shaper amplifier 
shaping time 

 0.5 us (ED)/ 10 us (NID)

Oscilloscope 
Trigger on GEM 
preamp output

sCMOS camera Orca 
Fusion focused through 
Schneider lens (f/0.95) 

on the last GEM

Acquire sCMOS images, PMT & GEM 
waveforms with 241Am source

*Detector operated at LNGS (900 m): atm pressure is 880 mbar

He:CF4 
60:40 

1 kV/cm 
(ED)

He:CF4:SF6 
59:39.4:1.6 
0.4 kV/cm 

(NID)

GEM preamp output 
O(us) rise for ED 

O(ms) rise for NID

Eyes (and waveforms) can’t lie!

This project has received fundings under the European Union’s Horizon 2020 research and innovation programme from the Marie 
Sklodowska-Curie grant agreement No 657751 and from the European Research Council (ERC) grant agreement No 818744

Imaging 10 x 10 cm2 area
Effective pixel granularity 45 x 45 um2

From 5 to 15 cm drift gap
Sensor geometrical acceptance 1.1 x 10-3
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Negative ion PMT waveforms & analysis

PMT

GEM3 
preamp

Given the PMT sampling and the "slow" arrival of charge carriers, individual clusters are visible in 
the PMT signal --> WF analysis requires proper rebinning (not trivial)

Raw WF Baseline subtracted Rebinned with loose 
constraints

Rebinned with only over 
threshold peaks considered

*First time NID are observed with PMTs!
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Negative ion PMT waveforms & analysis

PMT

GEM3 
preamp

Given the PMT sampling and the "slow" arrival of charge carriers, individual clusters are visible in 
the PMT signal --> WF analysis requires proper rebinning (not trivial)

Raw WF Baseline subtracted Rebinned with loose 
constraints

Rebinned with only over 
threshold peaks considered

*First time NID are observed with PMTs!

From ED PMT signal, given the 
known drift velocity, we estimate 
the alpha dZ spread (? == 7 mm)

dT = vdrift x dZ

Field cage rings

?
241Am

Given the alpha dZ spread estimated from ED (7 mm), estimate 
NID drift velocity: 

From GEM preamp output rise time 
From PMT waveforms time window extension, after proper 
WF rebinning

Measured mobility consistent with 
NID published data [8]
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Negative ion sCMOS images analysis

319 +/- 20 um 701 +/- 32 um

0.65 atm

ED diffusion @ 12.5 drift distance is twice NID diffusion, with same track light integral!

300 V/cm drift field

for the paper in preparation!

Diffusion & intergral @ 12.5 cm drift distance

He:CF4 
60:40 

1 kV/cm 
(ED)

He:CF4:SF6 
59:39.4:1.6 
0.4 kV/cm 

(NID)
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Directionality: “a tool for all season”

High imaging capabilities of today’s 
Time Projection Chamber, including but 

not limited to directional capability, 
can open the doors to many physics 
cases beyond Dark Matter searches
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One, no one and one hundred thousand optical imaging TPC applications

X-ray polarimetry 
in space

Small O(1) L Medium O(50) L Large O(500) L - 1 Ton
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One, no one and one hundred thousand optical imaging TPC applications

Large O(500) L - 1 Ton
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Directional Dark Matter searches

The CYGNO/INITIUM experiment
(and solar neutrino spectroscopy)

This project has received fundings under the European Union’s Horizon 2020 research and innovation programme 
from the European Research Council (ERC) grant agreement No 818744
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It’s a Dark Universe

The Universe we observe is gravitationally dominated by an obscure and unknown kind of 
matter, that behaves differently with respects to the common matter we experience every day



E. Baracchini - High Precision Recoil Imaging TPC for rare events searches even beyond Dark Matter - VISTAS on Detector 2022, 13th September 2022 1

Appartent direction NOW is 
towards the CYGNUS 

constellations
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Driving towards CYGNUS with a Dark Matter wind blowing in your hair
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Directionality as key for an unambigous identification of a DM signal

Energy dependence:  
a falling exponential with  

no peculiar features

Increasing reliability of any observed signal, increasing difficulty in the experimental technique

Directional correlation with an astrophysical source is the only available POSITIVE identification of a DM signal
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Energy dependence:  
a falling exponential with  

no peculiar features
Temporal dependence:  

a few % annual modulation

DAMA/LIBRA Collaboration

Increasing reliability of any observed signal, increasing difficulty in the experimental technique

Directional correlation with an astrophysical source is the only available POSITIVE identification of a DM signal

Directionality as key for an unambigous identification of a DM signal
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Directionality as key for an unambigous identification of a DM signal

Energy dependence:  
a falling exponential with  

no peculiar features
Temporal dependence:  

a few % annual modulation
Directional dependence:  

an O(1) effect that no background 
whatsoever can mimic

DAMA/LIBRA Collaboration

Increasing reliability of any observed signal, increasing difficulty in the experimental technique

Directional correlation with an astrophysical source is the only available POSITIVE identification of a DM signal
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Directionality as a tool for background rejection, neutrino physics and 
DM astronomy

2929

A. M. Green et. al, Astropart. Phys. 27 (2007) 142 

without sense
(the importance of head-tail)

with sense

Capability to reject isotropy

WIMP signal in principle 
detectable with O(10) 3D events

Directional detector can tolerate 
unknown backgrounds, including neutral
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Directionality as a tool for background rejection, neutrino physics and 
DM astronomy

3030

A. M. Green et. al, Astropart. Phys. 27 (2007) 142 
C. O’Hare et al, Phys. Rev. D 92 063518 (2015)

without sense
(the importance of head-tail)

with sense

Capability to reject isotropy

WIMP signal in principle 
detectable with O(10) 3D events Sun neutrinos physics

Directional detector can tolerate 
unknown backgrounds, including neutral

The Neutrino Floor is an 
opportunity, not a limit

Capability to discriminate 
neutrinos from WIMPs
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Directionality as a tool for background rejection, neutrino physics and 
DM astronomy

3131

A. M. Green et. al, Astropart. Phys. 27 (2007) 142 
C. O’Hare et al, Phys. Rev. D 92 063518 (2015)

Capability to probe DM 
nature

without sense
(the importance of head-tail)

with sense

Capability to reject isotropy

WIMP signal in principle 
detectable with O(10) 3D events Sun neutrinos physics

Directional detector can tolerate 
unknown backgrounds, including neutral

The Neutrino Floor is an 
opportunity, not a limit

DM astronomy & 
DM interactions

WIMP & halo properties 
unbiased constrained with a 

single measurement

Capability to discriminate 
neutrinos from WIMPs
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Directional Dark Matter search context

32

3232
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Directional Dark Matter search context

33

3333

The “third way”:  
directionality (for both SI and SD) 

through the Neutrino floor
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Directionality: how well preserved in nuclear recoils?

Choose your target material & WIMP mass region
From SRIM software 

simulation

0.38 um

0.24 um 0.08 um

0.12 um

1960 um

1620 um

*
*PLEASE NOTE: what matter is the target 

density, not the gas pressure

NEWS-DM (emulsions) Anisotropic crystals
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Directionality: how well preserved in nuclear recoils?

Choose your target material & WIMP mass region
From SRIM software 

simulation

0.38 um

0.24 um 0.08 um

0.12 um

1960 um

1620 um

*
*PLEASE NOTE: what matter is the target 

density, not the gas pressure

NEWS-DM (emulsions) Anisotropic crystals

Quenching Factor
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The CYGNO experiment
Timeline & Detectors

MC validation

CYGNO-04

O(1)

2019/22 2023/26

0.0001 m3 0.01 m3 0.05 m3 0.4 m3 30 m3 ?
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LIME: the Long Imaging ModulE

1 sCMOS + 4 PMT + 3 GEMs
33 x 33 cm2 area

50 cm drift, 50 L active volume
Base  module of PHASE 1 design

< 2.7 spikes/hour

sCMOS fake clusters threshold

1.498 x 1.498 cm2 sensor
6.5 x 6.5 um2 pixels
2304 x 2304 pixels
Schneider lens, 25 mm FL, f/0.95
Imaging 36 x 36 cm2 area
Effective pixel granularity 160 x 160 um2

Sensor geometrical acceptance Ω =1.1 x 10-4

He:CF4 @ 1 
atm 1 keV = 1200 photons

Stability
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Energy threshold and energy response

Very good energy response linearity between 3.5 and 35 keV
About 13% energy resolution (σ) along the whole volume

PR
EL

IM
IN

ARY

Prelim
inary
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Nuclear recoil efficiency reconstruction & background discrimination

5.2 keVee nuclear 
recoil candidate

Can spot direction 
and sense!

energy deposit density 

40% nuclear recoil efficiency for energies < 20 
keVee, with 99% 55Fe events rejected @ 5.9 keV

For the full 1-35 keV energy range

A. Prajapati PhD Thesis

On going work on ML techniques

Pr
eli

m
in

ar
y
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MC simulation & data/MC agreement
Electron tracks generated with GEANT4, nuclear tracks with SRIM
Quenching factor from SRIM, soon to be experimentally measured 
# of primary ionisation electrons Poisson distribution with mean 
Ne=  ΔE/Wi with Wi= 46.2 eV/pair
Primary ionisation electron diffused longitudinally and 
transversally with σT = sqrt(σ20 + D2T z ) with σ0 & DT from 
measurements
Electron avalanche fluctuation taken into account for the first 
GEM foil, with an effective gain to reproduce gain dependence on 
the charge density as observed in data

Gain parameters extensively optimised on data
Mean total number of photon Ntotɣ from Poisson distribution with 
mean Nmeanɣ = 0.07 ɣ/e
Number of photon hitting the sensor Nɣ = Ntotɣ · Ω
sCMOS sensor noise from real data

30 keV electron

Simulation Data

Pr
eli

m
in

ar
y
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LIME at underground Laboratori Nazionali del Gran Sasso
Underground reduction 

of CR as expected
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One, no one and one hundred thousand optical imaging TPC applications

Medium O(50) L
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LIME as a directional fast and thermal neutrons detector

Z. Debicki et al., 
Nucl.Phys.Proc.Suppl. 

196 429-432 
Proton 573 keV Tritium 191 keV

+ 0.5% 3He

With 0.5% of 3He, same rate of 
fast and thermal neutrons in LIME

Test the use of N as alternative 
thermal neutron capture agent (from 

I. Manthos talk @ ICHEP 2022)

0 50 100 150 200 250 300
Energy [keV]

1−10

1

10

210

Ev
en

t r
at

e 
[N

R
/y

r/k
eV

]

total_NR_events
Entries  945
Mean    24.88
Std Dev     40.51

total_NR_events

Neutron induced NR

Radioactivity induced NR F. Di Giambattista PhD Thesis

This project has been funded by the Italian Ministry of Education, University and Research through the project PRIN: 
Progetti di Ricerca di Rilevante Interesse Nazionale “Zero radioactivity in future experiment” (Prot. 2017T54J9J)
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LIME underground goals & program
Unshielded: 

Detector characterisation with 55Fe and AmBe sources
External background study with periodic 55Fe calibrations

6 cm Cu shield
External background study with periodic 55Fe calibrations

10 cm Cu shield
Background study with periodic 55Fe calibrations
Spectral measurement of underground neutron flux. About 300 NR events 
from neutron interaction expected in 4 months

10 cm Cu + 40 cm H2O
Study of internal backgrounds and validation of MC simulation. Expect to 
suppress all external neutral background and reduce external gamma 
background to the same level of internal one.

Fiducial cuts have 83% efficiency on nuclear recoils 
coming from the environmental flux  (or Dark Matter…)

NR only after fiducial cuts

ER + NR after fiducial cuts
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CYGNO PHASE 1 demonstrator: CYGNO-04
A CYGNO in a bottle

Preliminary shielding configuration: 
110 cm H2O + 10 cm Cu

Optimization ongoing

Reduction of internal background: 
- use of radio-pure PMMA for vessel; 
- DRIFT-like field cage: copper strips on 

plastic sheet; 
- DRIFT-like cathode: 0.9 μm thick 

aluminum foil in shared between 2 TPC, to 
remove events in coincidence; 

- low radioactive optical systems;

(2 sCMOS + 6 PMT + 3 GEMs) x 2
(50 x 80 cm2 area) x 2

central cathode
0.4 m3 active volume

ORCA QUEST

FU
ND

ED
!
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CYGNO-04 expected backgrounds
Full background simulation study 

done for 1 m3 detector
Preliminary CYGNO_04 background evaluation through 

scaling (full background simulation ongoing)

Internal ER background Internal NR background Total external background

Pr
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CYGNO realistic dream: a O(30) m3 experiment

Quenching Factor

Minimum detectable 
DM mass for 0.5 

keVee energy 
threshold

Minimum detectable 
DM mass for 1 keVee 

energy threshold

H 300 MeV/c2 500 MeV/c2

He 700 MeV/c2 1 GeV/c2

C 1.4 GeV/c2 1.9 GeV/c2

F 1.9 GeV/c2 2.5 GeV/c2

Target nuclei relative probability of being detected for 1 keVee energy threshold

He nuclear recoil by 
10 GeV WIMP

F nuclear recoil by 
100 GeV WIMP

Examples of expected WIMP measured angular distribution in Galactic coordinates 

Tests with Hydrogen target 
ongoing to improve sensitivity 
at low < 1 GeV WIMP masses
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CYGNO 30 m3 preliminary sensitivity studies
Spin Independent Spin Dependent
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CYGNO 30 m3 as solar neutrino detector

He:SF6 740:20 Torr
C. A. J. O’Hare et al., 

2022 Snowmass 
Summer Study, 

arXiv:2203.05914
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1 σ sensitivity to pp flux as a function of 
the total non-neutrino ER background

2 σ sensitivity to combined measurement of the 
CNO and pep + 7Be pp fluxes, fixing the background 

rate to 10 times the pp electron recoil rate

Electron recoils directionality enables solar neutrino 
spectroscopy through neutrino-electron elastic scattering 
on an event-by-event basis

An O(10) m3 ER directional detector could extend Borexino pp 
measurement to lower energy
A O(1) ton could measure the CNO cycle by breaking the 
degeneracy with pep + 7Be fluxes through directionality

He:SF6 740:20 Torr

CYGNO 30 m3 as solar neutrino detector
C. A. J. O’Hare et al., 

2022 Snowmass 
Summer Study, 

arXiv:2203.05914
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Low energy electrons directionality: not trivial
Evaluated on CYGNO simulated sCMOS images as expected in LIME (50 L volume)

Fit expectation for 70 keV ER compatible with prediction 
from previous slide and in the “Mid-perfornance” range

MC simulation of 
30 keV ER

X-ray data in LIME: low energy ERs suffer large 
multiple scattering and have low dE/dX at the 

beginning of the track: 
not trivial to measure the initial ER direction

S. Torelli PhD Thesis
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The CYGNUS project

Getting bigger and bigger
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The CYGNUS proto-collaboration

About 70 members  
Steering group: 

Elisabetta Baracchini (GSSI/INFN, Italy) 
Greg Lane (Canberra, Australia)  
Kentaro Miuchi (Kobe, Japan) 
Neil Spooner (Sheffield, UK) 
Sven Vahsen (Hawaii, USA)

A multi-site, multi-target Galactic Nuclear and Electron Recoil 
Observatory at the ton-scale to probe Dark Matter below the 

Neutrino Floor and measure solar Neutrinos 
with directionality

Helium/Fluorine gas mixtures at 1 bar
Sensitivity to O(GeV) WIMP for both SI & SD couplings
Possibility of switching between higher (search mode) and lower gas 
densities (improved directionality) for signal confirmation

Reduced diffusion
Through negative ion drift or “cold” gases (CF4)

3D fiducialization
Through minority carriers or fit to diffusion

Directional threshold at O(keV)
Full background rejection at O(keV)
 Both electronic and optical charge readout investigated

arXiv:2008.12587
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CYGNUS multi-site network 

CYGNUS-10
10 m3, GEMs + wires 

He:SF6
Boulby, UK

R&D ongoing on 1 m3

CYGNUS-KM
1 m3, GEMs + 2D strips

SF6/CF4
Kamioka, Japan

R&D ongoing on 1 m3

CYGNUS-OZ
Stawell, Australia

GEMs + CCDs for gas studies
Small prototype under 

development

CYGNO/INITIUM
GEMs + sCMOS + PMT

He:CF4 (:SF6)
LNGS, Italy

0.4 m3 demonstrator 
funded towards 30 m3 

experiment

CYGNUS-HD10
Strip micromegas

He:CF4:X
40 L + 1 m3 R&D 
detectors under 

construction
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CYGNUS R&D landscape

Established readout & 
directionality Established gas R&D readout R&D gas Largest detector 

realised
Detector under 
development

DRIFT MWPC 
1.5 D 

CS2:CF4:O2   
@ 0.05 bar

THGEM + wire/
micromegas

SF6:(CF4)  
@ 0.05 bar

1 m3 

(underground)
10 m3  

(under study)

NEWAGE GEM + muPIC 
3D

CF4   
@ 0.1 bar GEM + muPIC

SF6  
@ 0.03 bar

0.04 m3 
(underground)

1 m3  
(vessel funded)

D3/CYGNUS-HD 2 GEMs + pixels 
3D

Ar/He:CO2  
@ 1 bar Strip micromegas

He:CF4:X 

@ 1 bar 0.0003 m3 0.04 m3 
(under construction)

New Mexico THGEM + CCD 
2D

CF4 

@ 0.13 bar THGEM + CMOS
CF4:CS2/SF6 

@ 0.13 bar 0.000003 m3

CYGNO
3 GEMs + CMOS + 

PMT 
2D + 1 D

He:CF4  
@ 1 bar

3 GEMs + CMOS + 
PMT

He:CF4:SF6   
@ 0.8-1 bar

0.05 m3 

(underground)
0.4 m3  

(under development)

CYGNUS All of the above
Helium-Fluorine @ 1 

bar 1000 m3

Electron drift Negative ion drift Charge readout Optical readout
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CYGNUS 1 ton WIMP reach (i.e. nuclear recoils)
on going work on electron recoil physics cases (i.e. solar neutrino)

Significant improvement in SD reach over existing 
experiments for all WIMP masses, a 10 m3 detector 

can already breach the Xe neutrino floor

Significant improvement in SI in the low WIMP 
mass region, expect 10-50 IDENTIFIED neutrino 

nuclear recoil events
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One, no one and one hundred thousand optical imaging TPC applications

Medium O(50) L



E. Baracchini - High Precision Recoil Imaging TPC for rare events searches even beyond Dark Matter - VISTAS on Detector 2022, 13th September 2022 1

The Migdal effect
or how to lower the WIMP mass reach of DM experiment without modifying your detector

….but never experimentally observed yet!
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Migdal effect in DM searches

Kinematically allowed region for NR and ER in a 
Migdal event with different DM mass hypothesis

Schematic representation of the different regimes 
for DM and neutron induced Migdal processes

DM searches

Signature #2

Signature #1

….and yet used by 
everbody to put 

contrains on WIMPs!
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FINEM: Full Imaging of Nuclear recoils for Experimental Migdal measurement

with a LIME-like detector

This project has been funded by the Italian Ministry of Education, University and Research through the project FARE: Framework per l’Attrazione e 
il Rafforzamento delle Eccellenze in Italia “FINEM: Full Imaging of Nuclear recoils for Experimental Migdal measurement” (Prot. R208LP3A4C)

5.9 keV from 55Fe in LIME 5.9 keV from 55Fe in LIME
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Preliminary studies towards MIGDAL measurements with FINEM

FNG @ Frascati
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One, no one and one hundred thousand optical imaging TPC applications

X-ray polarimetry 
in space

Small O(1) L
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HypeX: X-ray polarimetry in space

Polarimetry basics
Experimental techniques vs energy range
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HypeX: X-ray polarimetry in space

Polarimetry basics

Galaxies 2018, 6(2), 54

Experimental techniques vs energy range Physics cases vs energy range
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Both configuration provide imaging, timing and spectroscopy

dr
ift

 d
ire

ct
io

n

Costa et al. 2001
Bellazzini et al 2006, 2007

1.5 x 1.5 x 1 cm3 GDP with 50 x 50 um2 
pixels currently flying on IXPE and 
already providing physics results!

Incident X-ray perpendicular 
to readout plane

Black et al. 2007

Incident X-ray parallel to 
readout plane

Current detector approaches for X-ray polarimetry with photoelectric effect

X-ray polarimetry through photoelectric effect
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IXPE mission: launched 11th December 2021

dr
ift

 d
ire

ct
io

n

Costa et al. 2001
Bellazzini et al 2006, 2007

1.5 x 1.5 x 1 cm3 GDP with 50 x 50 um2 
pixels currently flying on IXPE and 
already providing physics results!

Incident X-ray perpendicular 
to readout plane

Until IXPE, only a single positive detection of X-ray polarisation from Crab Nebula in 1972

Cassiopea A seen in 
IXPE data
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X-ray CMOS beyond current polarimetric techniques

Both configuration provide imaging, timing and spectroscopy

dr
ift

 d
ire

ct
io

n

Costa et al. 2001
Bellazzini et al 2006, 2007

1.5 x 1.5 x 1 cm3 GDP with 50 x 50 um2 
pixels currently flying on IXPE and 
already providing physics results!

Incident X-ray perpendicular 
to readout plane

Black et al. 2007

Incident X-ray parallel to 
readout plane

No requirements on X-ray orientation

1 L active 
volume45 x 45 um2 

effective pixel size

+ low diffusion gas:
a) He:CF4 with DT =120 um/sqrt(cm)
b) Negative ion drift (see E. Baracchini talk on Thursday)

1) Hamamatsu Orca 
sCMOS camera

2) Schneider lens f/0.95
3) PMT
4) GEM 10 x 10 cm2

5) 10 cm drift gap
6) cathode

4 52

50

1 3 6

X-Y sCMOS image

+ =

Z profile from PMT 3D track

Current detector approaches for X-ray polarimetry with photoelectric effect X-ray CMOS project: large field of view optical TPC

JINST 13 (2018) no.05, P05001
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Very preliminary studies towards X-ray CMOS development

30 keV electron 
data in LIME

30 keV electron data in Xray-
CMOS-like detector

Particles range in He:CF4

20-30 keV contained in a 1 L 
detector

From J. Vink & P. Zhou, 
Galaxies 6 (2018) 2, 46

21o @ 20 keV
16o @ 60 keV

Parameterisation developed for a IXPE-like detector, i.e. 1.5 x 1.5 
x 1 cm3 consistent with preliminary X-ray CMOS simylation!

1 sCMOS + 4 PMT 
33 x 33 cm2 readout
50 cm drift length

50 L volume

1 sCMOS + 1 PMT 
10 x 10 cm2 readout
10 cm drift length

1 L volume

ER angular resolution in 
LIME simulated data

ER angular resolution in 
Xray CMOS simulated data Ve

ry
 p
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lim
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Conclusions & Outlook
I am looking for 2 Postdocs/Fixed Term 
Researcher for the FINEM & Xray CMOS 

projects

Recoil imaging TPCs (not only with optical readout) have nowadays reached a 
level of maturity that allows to employ them in many physics cases 

Recoil imaging implies the possibility of providing directional informations 
about recoils from a range of different particles and energies, and for enabling 
the recoiling particle identification capabilities 

Directionality is a “tool for all season” 
Directional Dark Matter searches is only one of the many interesting physics cases that can be 
sought after with recoil imaging TPCs 

Solar neutrinos 

Precise neutron measurement 

Nuclear physics (i.e. Migdal) 

X-ray polarimetry 

…and many more I did not had time to discuss here 

We don’t know where particle physics discoveries will lead us….hence we must 
always keep an open mind on how to better exploit the detectors or 
experimental techniques we might have developed for other applications

elisabetta.baracchini@gssi.it
arXiv:2203.05914


