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LIGHT: A CHANGE OF PARADIGM :

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

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:

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



GEM: PRINCIPLE OF OPERATION | sy ;

GEM: A new concept for electron amplification in gas detectors

Multiplication
happens in the high

fields present in the
GEM channels

F. Sauli

CERN, CH-1211 Geneéve, Switzerland
Received 6 November 1996

Abstract

We introduce the gag electrons multinlier (GEM) a compnaosite grid consisting of two metal layers separated by a thin
insulator, etched with a regular matrix of open channels. A GEM grid with the electrodes kept at a suitable difference of
potential, inserted in a gas detector on the path of drifting electrons, allows to pre-amplify the charge drifting through the
channels. Coupled to other devices, multiwire or microstrip chambers, it permits to obtain higher gains, or to operate in less
critical conditions. The separation of sensitive and detection volumes offers other advantages: a built-in delay, a strong
suppression of photon feedbhack. Apnlications are foreseen in high rate tracking and Cherenkov Ring Imaging detectors.
Multiple GEM grids assembled in the same gas volume allow to obtain large effective amplification factors in a succession
of steps.

Two external electric fields: s i
- collect electrons in the GEM NV 2R\
channels; % %
- extract secondary electrons from Ittt HHHHE
the multiplication channels. =] l it Rl W SR . > S

Multiple GEM structures can be used to share the gain and make more stable detectors.



THE TRIPLE GEM DETECTOR 4
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THE TRIPLE GEM DETECTOR

Drift cathode
Drift

3
S EEEEEEEEEE

% . Transter 1

R s( - Transfer 2
|

Sode "r D ,f‘l ‘? o
N % "4 % o

AN 4 - ‘;‘3"‘32? S
i Induction
AN WL

{
RN 2. 3Ry \}{

- N S
&y

a7 72 \
[ L fasad °‘-.
| R

Readout PCB /T

{>

Amplifier

[ I 4@




THE TRIPLE GEM DETECTOR :

Drift cathode
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on the GEM plane a 2Dimage (projection of the event
that ionised the gas in the in the drift region) is produced



THE TRIPLE GEM DETECTOR 7
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HOW MUCH LIGHT AND HOW BRIGHT?



SECONDARY LUMINESCENCE
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The probability for 1 electron to
produce a photon depends on:

- projectile energy (i.e. electric field)

- target cross section (i.e. gas mixtures)

In general 1 = 10° photons/cm

The total light yield is proportional
to the number of electrons, the
amount of secondary
electroluminescence produced in
the avalanche processes increases
(at first order) exponentially



LUMINESCENCE IN GEM: HOW BRIGHT? A

0.7
Ar+5% CF,

0.6 " m Ar+10% CF
i "% . ’

0.5 ® Ar+67% Ck,
| O He+40% CF,
2 044 A He+20% CF,
Q.
=z 0.3 " '} % s ¢ ¢ ¢ The number of photons per secondary e
024 | - depends on the gas mixture
- almost independent from the gain
0.1 A
¢ S0 8 a0 G 48 EEg,
0.0

1 10 100 1000

Nuclear Instruments and Methods in Physics Research A 504 (2003) 88-92 G al n



LUMINESCENCE IN GEM: HOW BRIGHT?
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Photon production is related to gas stability

and therefore, the order of magnitude of total

light yield achievable is almr

ost the same

0.55 x40 = 22 photons/primary electron

} { } E X — 0.30 x 60 = 18 phot
0.05 x 800 = 40 phot
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LUMINESCENCE: WHAT COLOR? THE CF,; EXAMPLE 13

Studies performed on the electronic and molecular structure of the CF4 molecule show
that all the electronic excited states of CF4seem to dissociate with high probability.
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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)

The origin of the UV band, on the other hand
can be due to the radiative decay of the CF4**
or CF3** ions



LUMINESCENCE: WHAT COLOR? THE CF,; EXAMPLE 14
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While in general the number
of secondary electrons
(gain) decreases with the
gas pressure, the number
of photons produced per
secondary electron was
found to increases with the
gas pressure;



LUMINESCENCE: WHAT COLOR? THE CF,; EXAMPLE 15
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A higher pressure reduces the average energy an electron can gain before hitting a
molecule, increasing the probability of light emission instead of further ionisations



LIGHT EMISSION IN HE/CF 60/40 - A SUMMARY

600
® Emitted as de-excitation of CF; at the e
last multiplication layer 400}
® Two main lines, excited by accelerated o 200-5'
electrons: 100-5JJ
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LET'S COUNT PHOTONS (FOR 1 keV RELEASED IN GAS)



IONIZATION AND DRIFT PROCESSES A

ionizing
particle
® average energy lost to produce an ion-electron pair
in He:CF4 (60/40):
. W ~ 35 eV = 1 keV ~ 30 electrons He-CF.
particle

® Continuous hits during the path = diffusion

- Area=7x(2x0.05cm)? =7 x mm?2
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Distance from the GEM

0.02

o 0.2r
g8 of  Measured Diffusion coetficient in
C o agreement with Garfield . . .
016 expectations | - after 1 em of drift, primary electrons will be
0.14—
- spread over an area that we can
0.12— 135//”/” . .
o1FDp = —— e approximate in a circle with a radius of 20
0.08— cm : .

OO
(6))
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JONIZATION PROCESS A o

b particle

® average energy lost after producing an ion-electron o/
pair in He:CF4 (60/40):

. W ~ 35 eV = 1keV ~ 30 electrons ¥~  He:CF.

particle

® Suppose to operate triple GEM at a HV 3% 10°
of 440 V each

® At this voltage, the total gain has been A
measured to be ab 2 x 106

GEM gain

® Therefore, after multiplication we get: 106 - .

0.07 ph/avalanche electron

400 405 410 415 420 425 430 435 440
VGEM [V]

19



THE OPTICAL SYSTEM 20
To tfocus the image produced on the GEM, a lens is needed

B Specifications Lens aperture is the ratio
Focal Length FL (mm) 25.00 .

’ Maximum Camera Sensor Format Ly between foca‘ ‘ength d|ameter
Aperture (f/#) f/0.95 - f/11
Field of View, 1/2" Sensor (°) 20
ElI:It;:;:o\r;i:zO)@ Min Working Distance (mm) ;6..380 # — a - f/D

‘ Working Distance (mm) 300 - o0
Filter Thread M39 x 0.5

o |
The geometrical acceptance is given by — 46+ 1) x a)2

where O is the ratio between captured area and the sensor sides (suppose 1 cm);

f for example you wantto image a 10 x 10 cm2 area, =10 and Q is of the order of 10-3

o co A
on oton over 1S COllecCte :



PHOTON DETECTION

- Therefore we end up with 4200 ph / 7 x mm2 — 1000 ph/mm?2

- Let's suppose we use a 1x1 ecm2 sensor with a granularity 2000 x 2000 pixels, to
"observe” a 10x10 ecm2 GEM, we can evaluate how many pixels will collect those
photons:

1 2
I mm2 = %2000 x 2000 pixels = 400 pixels

100 X 100 mm?

. @1lkeV,,
| — 2-3 ph/pixel

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

21



PIXELATED LIGHT SENSORS



THE PHOTO-DIODE 23

Incident photons

In the Beginning is the photo-diode % E‘ % %

't works on the principle of the
photoelectric effect to convert a photon

. 9

into a photo-electron. !
The operating principle of the photodiode Ppe o oo

epietion region Q

- a PN junction with reverse bias ,Jl, l

- energy released by the photo-electron
within depleted region produces several
electron-hole pairs (i.e. it provides to PN Junction photodiode
electrons enough energy to be promoted

to conduction band, about 3 eV in Si) ;

o —> o=>=11+ <« o <« 9

Because of bias, the electron and the hole start drifting inducing an electrical signal



CCD AND CMOS SENSORS 24

- CCD (charge coupled device) and CMOS (complementary metal oxide semiconductor)
image sensors are two different technologies for capturing images digitally;

- each has unique strengths and weaknesses giving advantages in different applications;

- those technologies were both invented in the late 1960s and 1970s;




THE CCD 25

Photodiodes Vertical Shift

(Pixels) Registers In a CCD, the read out happens serially:

- photo-electrons produced in each pixel is
transferred from pixel to pixel in columns
and then to a horizontal shift register.

- Every pixel is then read out through an
amplifier and Analog to Digitial Converter
clrcuit.

OOOO0O00E -
Sf=ju=fuf=js]=
mfefufufufu]n]=
Sf=jul=fufujs]=
mfefufufe]u]=]=
Sf=julnfuf=jn]=
mfefufufufu]n=]=

Horizontal Shift
Registers

Along their path, increasing noise can be collected that can be feed to the amplifier;



THE ACTIVE PIXEL SENSORS CMO0S 2

In Active Pixel Sensors CMOS, each pixel has its own amplifier (FDA), so the
charge is converted into a voltage and pre-amplified in each pixel and then
analog to digital conversion is achieved in column ADCs.

't needs a careful equalisation of the
amplitiers and ADC;

Slower operation w. r. t. the CCD;

Lower single pixel readout noise level;

Pixels
Amplification
A/D Converter




A REAL COMPARISON

27

Below the performance of latest cameras produced by Hamamatsu

Active Pixel Sensor (CMOS)

ORCA-fFuUsion

CAMERA SPECS

LOW NOISE AND EXCEPTIONAL
READOUT NOISE UNIFORMITY

READOUT NOISE

( 0.7 electrons rms

Ultra quiet Scan

DSNU

0.06 electrons

0.06 % 100 frames/s 2304 x 2304
At 7500 electrons At 2304 x 2048 ROI 5.3 Megapixels
PIXEL SIZE DYNAMIC RANGE PEAK QE
6.5um x 6.5 um 21400:1 80 %

Charge Couple Device (CCD)

ORCAI

Digital CCD camera C11090-22B

FEATURES

@ High resolution format
(1024 x 1024 pixels)

@ High quantum efficiency from UV to NIR

@ Long exposure time

" @ Low readout noise °
(6 electrons rms. typ.)

APPLICATIONS

@ Luminescence and fluorescence imaging

@ X-ray scintillator readout

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

To convert those numbers in photons, we should use quantum efficiency



A REAL COMPARISON 5

Below the performance of latest cameras produced by Hamamatsu

Active Pixel Sensor (CMOS) Charge Couple Device (CCD)
100 * This is typical, not guaranteed.
= ORCA-Fusion 100
— ORCA-Flash4.0
75 Q 80
3
< .g 60
% 50 &;:')
E 40
S
25
20
’ 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 0200 400 600 800 1000 1200

Wavelength [nm] Wavelength (nm)

Both of them have a maximum (80%-90%) around 600 nm



STARTING POINT - BEGINNING OF THE CENTURY 29

C:\..A\GRENOBLE\BRUNG9.MPS ™ [=] E3 | " I

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

=101x| <

Nuclear Instruments and Methods in Physics Research A 471 (2001) 125-130




] arX1v:1508.07143v4 [physics.ns-det] 14 Nov 2015

AN OPTICALLY READOUT GEM (ORANGE) DEVICE - 2015 30

ORANGE

Triple GEM structure (10x10 cm?)
with 1 cm sensitive gap

He/CF4 (60/40) mixture was used

Exceptional quantum efficiency
Over 70«

at 600 nm

1 . \U electrons median 1 .6electrons rms
Standard scan at 100 frames/s

. 8 electrons median 1 F 4 electrons rms
at 30 frames/s 2

High-speed readout

1 OO frames/s

nk at 4.0 megapixels




FIRST MUON TRACKS 3

42 mm track

' 29 mm track

] arX1v:1508.07143v4 [physics.ins-det] 14 Nov 2015

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;



| arXiv:1508.07143v4 [physics.ins-det] 14 Nov 2015

ELECTRONS FROM NATURAL RADIOACTIVITY 32

27 mm track: - ; 16 mm track |

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;




ADVANTAGES OF OPTICAL READOUT GASEQUS DETECTORS



THE OPTICAL READOUT: DETAILS OF CLUSTERISATION

Sigma 230 um

1 2 7
Number of detected photons

e In the end, if we consider only the
camera, we obtain:

85 e —>~ 400 detected ph

; This is equivalent to ~ 12 detected |

photons every primary ionization |
" ~electron |

34



(MMThGEM is used as a gain stage device)

DIRECTION MEASUREMENT

Micromegas Device -

CH

30

Perpendicular x-y strip readout plane

Resolution/strip pitch: 250 pm N
Strip width: 100 um (y) and 220 um (x)

Active area: 10 x 10 cm

15

10

Amplification gap: 256 um °
Diamond Like Carbon (DLC) layer: 50 MQ/C °

25 :lll

3000

35

» High energy particles create sizeable
tracks in gas with a very clear images
and direction

Coupled MMThGEM-Micromegas - Kobe Test Vessel

h_strip_a_hg h_strip_a_Ig
600 ,

CH

30

500
25

400
20

300
15

200 10

100 5

|

0 iu | ) 'I
3200 3400 3600 3800 4000 . 3000 3200 3400 3600 3800 4000
clock(1clock=0.4us) clock(1clock=0.4us)

» Not easy to obtain so high granular performance with electrical readout


https://agenda.infn.it/event/39713/contributions/234183/attachments/123621/181380/AMcLean-IDM2024.pdf

PARTICLE IDENTIFICATION WITH dE/dx 3¢

Prototype was exposed to an AmBe source, providing 1-10 MeV neutrons along with
4 MeV and 60 keV photons. A 0.2 T magnetic field was present within the drift field

———————

Low energy electrons
due to X rays

He nuclear

MeV electrons |
due to 4 MGVY recoils (alpha)



PARTICLE IDENTIFICATION WITH dE/dx 37

Specific ionisation allows a fast particle identification.

200F = Y/pX > 8
N mm 3 <Y/px<8
180: w Y/PX < 3
160F ]
140k S
120 o : .}f_-"
B _ N — : I
100 &= . - [P J | £
OO?H i "--... - j‘i
80 - WL T L T
60 fj‘___-':“ L .
B "y I -
40 TR »
20 Rebmned__x 10 -
| S A N S S

0 20 40 60 80 100 120 140 160 180 200

By simply assigning different colours to identify clusters as a function of their
average light density, the three species are almost completely separated.



WHAT ABOUT TIME?



TRIPLE READOUT: CAMERA + PMT + ELECTRIC SIGNAL 3

CMOS granularity provides useful measurements about X and Y of the track;

The Z coordinate can be extracted from time measurement (TPC mode);

In order to get precise information about the
time structure of the signal, light can be
concurrently readout with a PMT;

Amplitude (V
o
o
[ T 1 ’ I

-1.5

- PMT wfm

-2.0
Illlll IIIIlII |II

— 1 1 1 1 | | | 1 | || | | I I | | I I |
300 350 400 450 500 550 600 650 700
Time (ns)

https://doi.org/10.1088/1748-0221/13/05/P05001

2018 JINST 13 P05001



PMT+GEM COMBINED READOUT

Sensitive gap

parallel to the beam

Amplitude PMT (mV)

0 mfwm,»mﬂ !mww,wﬁwwwmw 50-
Y g S 160ns
> >
-250 E £ N
|_
=20 ()
-500 CB E
5 I  —50
-750 L _ O S
G3D signal 40 = =
| = g_
- = ~100-
000 E E
L -60
-1250
PMT signal _150]
-1500 80
| —200"
-1750
X 100
-2000 V 5.
200 -150 -100 -50 0 50 100 ~200 ~150 ~100 ~50 0 50 100 150 200
Time (ns) Time (ns)

1T cmin 160 ns => drift velocity 6.5 cm/us in agreement with
Garfield expectation of 7.0 cm/ys.




CM0S COMBINED WITH PHOTOMULTIPLIERS

® Fast photosensors (PMTs) to get the Sloping track

time information = reconstruct z inclination

Antochi et al, 2018 JINST 13 PO5001 Time (ns)
0 160 10 20 30 40 50 60 /0 80 90 100 110 120 130 06 o L
o _I | I UL I L I | I L I UL I UL I Iv I I | I | I UL I UL I L I I_ - 'q_) 16 __
5 14 F 1 3 £ L
_g_ = o 305_3 = aF Mean -13
S 0F Scope waveform S R - Sigma 106
Q - N v - ] oy 12—
O N = i ® =
) 10 | - i) 0.4 "<‘ B
o gf A Y R I o
6 | 7 S | Jos3 8
- g’ _ 6 -
4 - 0.2 -
2 J _ s /
0 :_ | iihurrl-!!['i' I - > ° :— d/
N .-,Ii.li-j"“.,l[jf' 'l!i'.i’.i _ O_llllllllll AT T T R RN M A B [ 4l T
-2 B, P . | | | 1070 -1000 -800 -600 -400 -200 O 200 400 600 800 1000
0 10 20 30 40 50 60 70 80 90 Residual (um)

X (mm)

100 um resolution on

Time + drift velocity = relative z coordinate )
relative cluster z

41



TIME PROJECTION CHAMBERS WITH OPTICAL READOUT
(THE EXAMPLE OF THE CYGNO EXPERIMENT' PROTOTYPE)

'Instruments 6 (2022)



https://inspirehep.net/literature/2030040

LIME: LARGE IMAGING MODULE 43

50 litres sensitive volume:

\“\m\“\“\m\\n l\\l\\\\l\\\“\\\\m\“mnmmmmmlm... il
33 x33 ~ 1000 cm2 GEM surtace; | nuu\l\tllmll\l\-llwﬂﬁlwlHHUIW\il\lIlllmmllﬂ\l!ml\\lh\l\l -

50 cm drift path; N W\W »,H > -
Ms Mﬂl

\\\\\\\\\\\\ “‘“\ W_J e WWW

Il
T e

———

.-Jﬂa'i”’l.[“‘ |

AN SRR

L .
-Wﬂm mwh" ‘I A
™

A 50 | Cygno prototype overground characterization Acr Io I
Eur.Phys.J.C 83 (2023) 10, 946 YIIC Jas VESSE


https://inspirehep.net/literature/2658397

EFTE window P

LIME LARGE IMAGING MUDULE 3 GEMe 44 Copper Rings

:
Q(m
X

50 litres sensitive volume & B =
with an He/CF4 based E&zo_ Pure CF# priméry scintillation |
mixture at atmospheric " |
pressure B I T T R ~4
man — -
' —~ . Q
ORCA-fUsion —xample of a few cosmic tracks ~CMOS sensor
in LIME (Long Imaging ModulE) ~ Copper

50 cm Field Cage Cathode

HIGH RESOLUTION

2304 x 2304

5.3 Megapixels

READOUT NOISE

0.7 electrons rms

Ultra-quiet Scan

100
90

80

9

> 70

O

pd

w 60

O

E 50 PEAK QE
w 0
= 40 80 /0
P

Z 30

-]

(e}

20

10

0

300 400 500 600 700 800 900 1000

WAVELENGTH (nm)




PERFORMANCE WITH LOW ENERGY X RAYS .

. | Rb15keV

.y

Worsier]

While below 10 keV signals are spot-like,
electrons with larger energies travel in gas.



LIME IN OPERATION IN THE GRAN SASS0 TUNNEL 4

LIME is now in operation in the Gran Sasso Tunnel

to take data in low radiation conditions
Run 1 (no shield)

Dominated by external background,
expected background rate ~ 36 ev/s | ey

Run 2 (4 cm Cu)

Start to probe internal background,
expected background rate ~ 1.1 ev/s

Run 3 (10 cm Cu) + AmBe

Mostly internal background,

..........

expected background rate ~ 0.29 ev/s ZIREEEEE S

Run 4 (10 cm Cu + 40 cm H,0)

Dominated by internal background,
expected background rate ~ 0.27 ev/s

..........
................



........

!

No-shielding

4 cm Cu shielding

300 ms
#7577 AN FREE =5 _-'r".-\-Y\\\\\

e —— —— —————-— I e ——



DOUBLE READOUT 48

Since the PMT are placed close the GEM corners,
the sharing of the light changes among them
accordingly to the track position

0.00 - SIS —

-0.10 A1

-0.15 1

Voltage (V)

-0.20 -

Track starts close to PMT1 ends . | U
ends between PMT3 and PMT4 ,

-0.30

6 260 460 660 860 1060
Time (ns)

A relative z can be assigned to each subpart of the tracks



DOUBLE READOUT: TEST ON RADON ALPHAS 49

- A Radon contamination would produce 3 alphas: 222Rn (5.590 MeV ~ 43 mm),
218Po (6.115 MeV ~ 50 mm) and 214Po (7.833 MeV ~ 73 mm)

htemp 1 1
350 = il Entries 61312
3 M :
: 2D alpha woo— 3D alpha Std Dev 1233
300} B ! 2/ ndf 1546 /111
: t \
ssof. length (mm) s0— length (cm)
200(- 600/—
150} ?
- 400(— Z
100} ’ Al
505_ 200—— :’
0: P~ T N T N T W S U WU e =T TR T T U S N U 0 : DA /A A SA L , RTINS 7 L
0 20 40 60 80 100 120 140 0 2 4 6 I} 10

full_length

- The combined use of CMOS-sensor and PMT allows to evaluate the 3D length
of the tracks and
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3200 -

3000 -

2800 -

TRIPLE READOUT

The wavetorms of the electrical signal is registered for each GEM;

e , .. V"
‘ V\ " 4." ‘w J
i anl ) ,
VY A Y A |
WA/ -

—— PMT1

PMT2
= PMT3
—— PMT4
— GEM2

f

a ,

~ - —~— A —~ N

'r' 4 'ﬂ‘ -

g L"

RN ——

0

200

400

600

800

1000

50

PMT waveforms

Electrical signal on GEM

While PMT waveforms depend on the position of each track segment, the waveform
of the electrical signal is position independent:

- cross-check for total energy

- position reconstruction



CONCLUSION: ADVANTAGES OF OPTICAL READOUT 5

- 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:

- total energy release;

- length;

- direction:

- slimness:

- energy release distribution (dE/dx);

- combining with PMTs, a 3D reconstruction is in principle possible;

- 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;



DISADVANTAGES OF OPTICAL READOUT GASEQUS DETECTORS:
NON-LINEARITY OF THE GEM RESPONSE



NON-LINEARITY OF THE GEM RESPONSE

Because of the large gain needed, during the development of the avalanche within the GEM multiplication
channels a significant amount of electrons and positive ions are produced that can partially shield the electric
field and “dump” the avalanche
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Single-GEM effective gain can be described as _ ifny K n,, = pny ~ 0 negligible screen effect;
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OTHER EXAMPLES OF COMBINED - HYBRID READOUT



THE NEXT EXPERIMENT 5
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THE MIGDAL EXPERIMENT AT CERN

The MIGDAL optical-TPC
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THE MIGDAL EXPERIMENT AT RAL

The ITO's 2ns timing resolution allows
for separation of events that pileup due
to the camera's 8.33ms exposure time.

The example on the right looks Migdal-
ike in the camera.

In the ITO we see these are two
separate events which occurred ~few ms
apart.

f an event does not appear in the ITO, we
reject it outright as a coincidence.
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