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LIGHT: A CHANGE OF PARADIGM

In the interaction of charged particles 
with gases, not only ionisation 
happens; 

Energy can be transferred to excite 
atoms and molecules to make them 
emitting light through atomic and 
molecular de-excitation;

G. Charpak at al., NIM A258 (1987) 177

2

Light can be produced: 
- by the primary particle (primary scintillation) 
- avalanche electrons (secondary scintillation)
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GEM: PRINCIPLE OF OPERATION

Multiple GEM structures can be used to share the gain and better stability

Two external electric fields: 
- collect electrons in the GEM 

channels; 
- extract secondary electrons from 

the multiplication channels.

3

Multiplication 
happens in the high 
fields present in the 
GEM channels
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THE TRIPLE GEM DETECTOR

4
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THE TRIPLE GEM DETECTOR
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THE TRIPLE GEM DETECTOR

6

on the GEM plane a 2D image (projection of the event 
that ionised the gas in the in the drift region) is produced
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THE TRIPLE GEM DETECTOR
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8

5 sec of natural 
background in 
7 litres of gas

24 cm

20
 c
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LUMINESCENCE: WHAT COLOR? THE CF4 EXAMPLE

9

The origin of the UV band, on the other hand 
can be due to the radiative decay of the CF4+* 

or CF3+*  ions

The broad band in the visible region (620 nm) 
results from the excitation of the CF4  molecule 
that dissociates into an emitting CF3* fragment. 

The energy threshold for this emission, is 12 eV 
(ionization threshold is 16 eV)

2012 JINST 7 P02008

Studies performed on the electronic and molecular structure of the CF4  molecule show 
that all the electronic excited states of CF4 seem to dissociate with high probability.
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LUMINESCENCE IN GEM: HOW BRIGHT?

10

The number of photons per secondary e-:  
- depends on the gas mixture 
- almost independent from the gas gain
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LUMINESCENCE IN GEM: HOW BRIGHT?

11

0.55 x 40 = 22 photons/primary electron

0.30 x 60 = 18 photons/primary electron

0.05 x 800 = 40 photons/primary electron

Photon production is related to gas stability 
and therefore, the order of magnitude of total 
light yield achievable is almost the same

Let’s focus on this one: 
He/CF4 60/40
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LIGHT EMISSION IN HE/CF4 60/40 - A SUMMARY

- Emitted as de-excitation of CF  at the last 
multiplication layer 

- Two main lines, excited by accelerated electrons: 
-  Visible:    620 nm 
-  UV light:  265 nm 

- Relative light production independent from the 
voltage:

3

12

0.07 ph/avalanche electron

 ratio  ph/aval. elec.γ/e− ∼ 0.07
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IONIZATION AND DRIFT PROCESSES
- in He:CF4 (60/40) average energy lost to produce an ion-

electron pair:

13

ionizing 
particle

He:CF4

incoming 
particle

W  38 eV  1 keV  26 electrons∼ ⇒ ∼

- Because of the diffusion, after 1 cm of drift, primary electrons will be spread over 
an area that we can approximate in a circle with a radius of 1 mm with an area of 
about 3 x mm2 

- Suppose to operate triple GEM at a HV of 440 V each, a total gain has been 
measured to be  2 x 106 

- Therefore, after multiplication we get:
26 e   5.0  107 e   3.5  106 ph− → × − → ×

@ 1 keV  ee
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THE OPTICAL SYSTEM
To focus the image produced on the GEM, a lens is needed

Lens aperture is the ratio 
between focal length and the 
diameter

# = a = f/D

The geometrical acceptance is given by

where δ is the ratio between captured area and the sensor sides; 

Suppose δ=10 and  is of the order of 10-3Ω

14 3500 collected photons→
@ 1 keV 

only 1 photon over 1000 is collected
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PHOTON DETECTION

15

- Therefore we end up with 3500 ph / 3 mm2  1000 ph/mm2 

- Let’s suppose we use a 1x1 cm2 sensor with a granularity 2000 x 2000 pixels, to 
“observe” a 10x10 cm2 GEM, we can evaluate how many pixels will collect those 
photons:

→

  2-3 ph/pixel→
@ 1 keV  ee

Thus to be able to detect energy releases of the order of few keV (or less) sensor 
noise should be order of few photons/pixel 

1 mm2 →
2000 × 2000

100 × 100 mm2
× 1 mm2 pixels = 400 pixels
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PIXELATED LIGHT SENSORS: CCD AND APS-CMOS COMPARISON

16

CMOS ensure a noise level below the electron level, CCD is at the level of 6 electrons. 

Below the performance of latest cameras produced by Hamamatsu

Active Pixel Sensor (CMOS) Charge Couple Device (CCD)
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STARTING POINT

Due to the high noise level of CCD sensors 
used in previous attempts, only results 
related to highly ionising particles (alpha) 
were found literature only

17
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18

Triple GEM structure (10x10 cm2) 
with 1 cm sensitive gap
He/CF4 (60/40) mixture was used
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FIRST MUON TRACKS

By means of this setup we were able to acquire several images of 
long and straight tracks as the above ones.  They are very likely 
due to cosmic rays;

29 mm track

42 mm track

19
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ELECTRONS FROM NATURAL RADIOACTIVITY

During the data taking, several images of short, intense and curly 
tracks were acquired very likely due to ionizing electrons produced 
by natural radioactivity and traveling within the drift gap;

27 mm track 16 mm track

20



21
Instruments 6 (2022)1

A CYGNus TPC module 

with Optical readout1

https://inspirehep.net/literature/2030040
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THE CYGNO PROJECT AND CYGNUS COLLABORATION
The CYGNO collaboration is developing and optimising an optically readout 
Time Projection Chamber for the detailed study of Low Energy Rare Events;

22

CYGNO is working in the framework of CYGNUS: 
an international proto-collaboration aiming at the 
realisation of Multi-site Recoil Directional 
Observatory for WIMPs and neutrinos;
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LIME: LARGE IMAGING MODULE 
The Largest produced prototype is LIME with 50 litres sensitive volume:                               
33 x 33 ~ 1000 cm2 GEM surface and 50 cm drift path with a He/CF4 (60/40) based 
mixture at atmospheric pressure;

Acrylic gas vesselA 50 l Cygno prototype overground characterization 

Eur.Phys.J.C 83 (2023) 10, 946 23

LIME is now in operation in the Gran 
Sasso Labs Tunnel to take data in low 
radiation conditions

https://inspirehep.net/literature/2658397
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LIME: PARTICLE DETECTION 

24

The shapes and intensity of the 
tracks produced by electronic 
and nuclear recoils are very 
different and this provides a 
good tool for particle 
identification

muons

alphaalpha
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LIME: ENERGY MEASUREMENT AND PARTICLE IDENTIFICATION 

25

Electron Recoils (ER): good response 
linearity found in the 4-40 keV range 

Nuclear Recoils: by means of the 
energy release density (E/size) it is 
possible to separate the NR from 
the ER and MIP tracks 
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R&D: ELECTRO-LUMINESCENCE

26

By accelerating electrons below the last GEM it is also possible to induce 
luminescence in gas and increase the total light signal in the detector;

E. Baracchini et al., JINST 15 (2020) 08, P08018 E = 0 kV/cm

E = 15 kV/cm

GEM#3
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First evidence of an increase of light 
production factor about 25 quite larger than 
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ADVANTAGES OF OPTICAL READOUT AND FUTURE PLANS

- optical sensors are able to provide high granularities along with very low noise level 
and high sensitivity allowing to reconstruct very detailed information about the track 
and its topology: 

- optical coupling allows to keep sensor out of the sensitive volume (no interference 
with HV operation and lower gas contamination); 

- suitable lens allow to acquire large surfaces with small sensors;

27

After 10 years of R&D, a 0.4 m3 
demonstrator is expected to be installed 
underground in Gran Sasso Labs in 2025 
According to its results, a large size 
experiment can be proposed
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CYGNO PROGENY: OPTICAL READOUT TPC PROJECTS

28
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