Micro-Pattern Gaseous Detectors
for High Energy Physics

Paolo lengo

RD51
Viicro Patlern Gaseous Detectors

School

CERN
27 November - 1 December 2023




Outline

= |ntroduction
=  Example of current applications of
MSGC, GEM, Micromegas
=  MPGDs for
o Upgrade of LHC experiments
o Experiments at future colliders
= A word on detector longevity
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Applications

= By now you know EVERYTHING about MPGD !
- let’s look together to their applicationto (some) HEP experiments

UNUSUAL USES HSMNUSUAL USES
ORDINARY THINGS EXTRAORDINARY THINGS
Detector R&D $
Application
driven

I’'m working I’'m working
on an MPGD on blue-and-
with 1ps time orange MPGD

resolution'
Application-driven: developments tailored on well-defined i o 7

requirements, normally coming from the physics case (experiments)

Blue Sky: new ideas + developments to push forward the performance Cutel
of currently available technologies (always having in mind possible —

future applications) a J ‘

Application = the final goal of the development work
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Applications in HEP

HEP detector design

Experiments with ‘standard’ requirements
(often small/medium-size experiments)

Detector available
‘on the market’

Physics :> Experiment |:> Detector
case requirements requirements | ,;
R&D for ifi
Example: Z2utu Measure 10 GeV muon With 3 measurement points L=1m, B=1T b 0‘ Sp'ec ‘
ple: £=71H with 1% pr resolution P T application
= o, ~ 30 um
Cutting-edge requirements
(often next generation experiments)
. Other factors affecting the detector choice: t
,,,,,,, g AT
o Cost — V—{_ o) _ S A/E" 8py
o Size pr s N2 7 03BL?
o Long-term operability
o Ma|nt§|nab|l|ty | TEORY VS EFERMENT
o Experience of the involved teams THEORY | 'gf—
o Contributing Institutes vy w2
o

Things can even go wrong: selected technology too costly, too complex to
build, not reliable enough, finally not meeting the required performance...
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Applications

= (Gaseous detectors are used in and are being developed for many HEP experiments
= Each one challenging one or more performance or construction limits

Large detector surface for
big experiments
o Construction technique
o Industrialisation
o Maintenance

Co
Doy,
Y,

= Time resolution
o Fastgas
o Multistage
o Cherenkov

R

=  Space resolution
o Granularity
o Charge sharing

@jz °

My

Si readout

Time info (uTPC)

g

O

O

o

= Rate capability

Space-charge reduction
Small-size readout
Fast readout

=  Geometry Q‘f@
o Planar %
o Cylindrical
o Spherical
=
Gas mixture Gaseous
o Drift velocity @pemtﬁg%;dOS .
o Diffusion = Aging
o Amplification vs HV stability o Gas mixture
o Aging... o Materials

Spark protection

O

O

O

Resistive coating
Segmentation
Gas mixture
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The MPGD evolution

= Since the invention of the MSGC many other T Bulk Micro bulk InGrid
MPGD have been developed: - St cromegn
some very promising, some somewhat less... : U —
e g
"Pm
GEM 50um GEM GLASS GEM KPIC

The MPGD Zoo of the 90s

Microstrip Gas Chamber Microgap Chamber (MGC) Microdot Chamber
[A. Oed, NIM A263, 351 (1988)] [F. Angelini et al., NIM A335, 69 (1993)] [S.F. Biagi s 8

ot

MHSP TCOB nRWELL

-l

Compteur a T CAT) Micro G Count i i vari
PRERAI MRS, RO, S €. Oiver, ECFA 2021
WELL Detector (uCAT) o
[R. Bellazzini et al., NIM A423, 125 (1999)]
som @ ,
W'mw"“mwmﬁcwm - =  Today the MPGD family includes a large number of detectors

A. Sharma (1999)

o Well established technologies adopted in HEP experiments
o New ideas, R&D for future experiments or specific applications
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Disclaimer

" Impossible to cover all the MPGD HEP applications @D @D 'o0-tese Neutron Detocon i ol e

MPGD coupled to n-converters:

" Will show a selected number of representative examples

/ THoh Mebwress | Wow' | Bem-ter s et 7
» Neutron beam diagnostics - T | M e TR
S ORI M e G
e T S
H H 1 Sean 2028200 (Tvacking) GEM. WL Sl woe et el e 10 T
. at is not ment t
IS N ntionea Is ess relevant! : e e =
e B " P Ml gl IO =y
Cryutogrughy  Clograhy et i e S ey ) e Yo WANS iy M ety
i oo a i P ot I i =
e SR T
olons s et Tt ) MO ot e -
ey T e AT T M N s
Start > 30200kr 10y) ot e A THGEM doe: Syt | e VY

i s
i (O O35 Rod ek et
SR TTRNN ONESM dagpoic GO
Aot
Sart - 2007 hor 1oy Pt G beam Doy
Ry o

Py

ATOfbem  Newwnleum  Mcodegn
e Mo o
beam et s

MPGD Technologles for the Inf ummm_w_m

MPGD Tracking Concepts for Hadron / Nuclear Phygg

ATLAVMn b v s ey

s
-t oo
s
T T
ey (st it e
- p— I eS| epptemtie 1ot et o' vt T Ot It st
s > A ) PRI [ terar
RNAAIA Nk G s> 2007 b= 1
e e =) . S ——
- Nemamopten e T 2000 Dewtin  GiMC - Saolmy AV
. g — e e T et wee| Mo
cwon ——— = At Moy Rl e )
m e e T Ry | aiee
L Hn 2 S Yo
gt
e PR -
ot M Loy am Oyevstmnin . pA L
R (e o T, — iy WO mmame e b e
e | D b ] s (SR e s (el
e camgps e e g s | e
T — _— T | S Do
o
Q] e P i
e IS e e (i
L e g proe PO e oo Tl il T

MPGD Technologlss for Phggg Detection

KLOLIODAINE  Pal Py il GIM Tl A3 Sl e - 380 1
Ko i ‘o

STAR o I ey Ty M
i S g,
R iy (g

-5;; = E= RS uw = (Out-of-date) list of MPGD applications

T e R = e i
[ o i S Rbrdivn Moyl T e Meme T A g s )
T o e e e S e = = — M. Titov, 5th MPGD conference
I e e s e [ e on— =3
= o e o
B =
- n— o
Pl P e
i mom EDE
T S
o

re vl SPR

01.12.23 Paolo lengo - MPGDs applications for HEP 7



Micro-Strip Gas Chambers (MSGC)

Despite the know limitations due to instability the first introduced MPGD

—the MSGC - has been and is still being successfully used in many experiments
Example: the JEM-X detector on board of the INTEGRAL mission of ESA

ESA INTEGRAL mission:
Launched in 2002, end of mission: 2029

01.12.23

[ B _EE N EE EEE N

Coded Mask

Collimator
Window

Detector Xenon + Methane Gas
90:10 (P=1.5 bar)

-
[ Microstrip |

'

A\
Detector Fr(mt-‘End Electronics

Electronics

Exray _ 3_35 keV | Digital Processing Electronics
Both MSGC operated simultaneously since 2018

i T
240 |-

/200

“160
120

counts s~

| | |
-30 2

30
seconds since 2015-10-12 09:54:43.44

Light curves from JEM-X count-rates zoomed around the time of LVT151012 trigger provided by the LIGO/Virgo collaboration. The light

curve is binned with a time resolution of 1 s. The count-rates of the instrument backgrounds (dashed lines) and the expected level of random
fluctuations at 3 o confidence level (shaded regions) are indicated too. [Astron.Astrophys. 603 (2017) A46]
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Central Tracker with MPGD
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Cylindrical GEM

. MPGD suitable for Inner Tracker thanks to their intrinsic light structure - low material budget

. IT exploit mechanical flexibility of MPGD - cylindrical shape

=  Triple Gem
o 0.5TB field

Fig. 2. The four cylindrical-GEM layers before assembling them to build the Inner

Tracker. O X'V readOU’[ Stn pS

Fig. 1. The Inner Tracker detector before its installation in the KLOE-2 interaction
region.
z (cm)

Fig. 3. Two-view efficiency as a function of the longitudinal z-

o Gas: Ar:iiC4H40 (90:10)

G. Bencivenni et al NIM A 958, 2020 using Bhabha scattering events for IT Layer#1.

" KLOE2 @ DAGNE e*e collider at LNF
o First development of cylindrical GEM for colliders

Read out
- » Track

Pe Wy
,/,;,w+-~: o
g ’vff‘~\:‘ cn:::w
- 1. GEM1
0‘\\\ \ Cathooe
\ o
350F Kk >t Doon
300F
250f
200F
150}
100 -
B .
50 ot .
o 1 1 1 1

543-2-10 1 2yv:§(‘<1:m?

Fig. 4. Comparison between y-coordinate distribution of the two vertices for KsK; —
xtx x*x~ events. DC-only reconstruction is the solid histogram, while red points is
the integrated IT+DC reconstruction.
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Cylindrical GEM

. MPGD suitable for Inner Tracker thanks to their intrinsic light structure - low material budget
. IT exploit mechanical flexibility of MPGD - cylindrical shape

. BESIII @ BEPC Il e*e” collider o . i
o Gas: AriiC4Hq (90:10) 100 feessnerasanrnaganaessnanasssnnsssssnssssnns ki
— — o _ossfeete! .
o B=1T 2> o(p7)/pr = 0.5% Bosb s Bo
2 08sp o £ 2011 27 4 N
x| v 2012 v
2 080F ° . 2013 \\\"0 /P\
075k, © 2014 ¢ \ Catnoce T et
22 3 \ Cosmic event

; ll() 1‘5 2‘0 2‘5 3‘0 3‘5 4‘0 45
layer
Performance degradation with time of
wire-based BES IT (aging)
- will be replaced by the CGEM

%7 CGEM + COSMICS

0.6[

A

CC spatial resolution [mm]

INSTABILITY PHENOMENA J o4

/|

20 25 30
Incident angle [deq

of-——

(I T

Space resolution with cosmics.
At large angle can be improved by exploting the time
information (uTPC, discussd later)

Some instabilities due to buckling of the large external foil
solved adding a spacing grid

R. Farinelli, MPGD Conference 2022
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Cylindrical Micromegas

. Micromegas Vertex Traker for CLAS12 @ JLAB

. Nuclear Physics/Hadron Spettroscopy/Deep Processes
. B=5 T magnet

. 11 GeV e beam / 30 MHz particle rate

" Barrel system
= Gas: Ar:iC4H1g (95:5)
= 29m2/18 units /6 layersin 10 cm / Xy ~0.33/layer

Sector 3 - efficiency

>
1%)
g107
o I ion, P
£ ,.:::;ﬁf;:i._---i
o e e
0.8 el
’ ‘,7
061 g
e? /’/ -4 L1
041 ¢ L S
. /’_,r -I:. t;:
0:2] i S
| oo -4 L6
0.0— . :
440 450 460 470 480 490 500 510 9 29 A = R
strip voltage (V)
Efficiency vs HV Occupancy for Sector 1 (up to 1.8%)

L3: likely gas issue = gas distribution modification

M. Vandenbroucke, MPGD Conference 2022
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Cylindrical Micromegas

=  ASACUSA - Antimatter experiment @ CERN
. Inhomogeneous B field 0-4 T

. 2 Micromegas layers 413 mm long
ry=78.5mmr,=885mm

" Gas: Ar:iC4H40 (90:10)

Scintillators

1 1
0 5000 10000 15000 20000
/flem]

FIG. 8. Lorentz angle as a function of drift electric field for various magnetic
field strengths, calculation from Magboltz, using Ar(90%) + Isobutane(10%)
gas mixture.

Gas inlet Readout
3D printed plastic connectors Active area

frame support

FIG. 6. A picture of the integrated scintillator (left) and Micromegas trac
layer (right).

REVIEW OF SCIENTIFIC INSTRUMENTS 86, 083304 (2015)

Gas outlet

Plastic
scintillator bars

Front-end crate |

|
Cold head | Cold head
Readout |

| .. Micromegas

FIG. 1. Technical drawing of the AMT detector installed around the outer
vacuum bore of the central trap. The two cold heads, used for the cryogenic
trap system, on the sides are also visible. The AMT is surrounded by the
double-cusp magnet, which is not shown in this drawing (see Figure 7).

Fig. 4. Reconstructed antiproton annihilation vertex position distribution for antiprotons trapped at the cen-
tral axis (R = 0 cm radius) of the ASACUSA multi-ring electrode (left) and for antiprotons annihilating on the
ASACUSA multi-ring electrode walls at R = 4 cm radius (right).

Antiproton and antihydrogen annihilation events
fully reconstructed with ASACUSA Miromegas

JPS Conf. Proc., 011010 (2017)

Fig. 6. Radial

S
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GEM+Micromegas

i

COMPASS experiment at CERN (2002-2022)

Hybrid GEM+MM detector with installed in 2014/2015 to replace
old MM in view of high intensity pion beam

1 GEM foil (gain ~20) effective in reduction of
discharge probability

Readout: small pads in the centre (100 kHZ/cm?)

Absorber after
the target for
<& Drell-Yan physics

dipole SM1

Polarized

and strips on the periphery target
'-..!TMMNM oo sheaats 6LiD; NH3
Gas Ne:C,yHg:CF, 80:10:10
Drin Up to 10%/s
-m“»;':... Som 0(\(\
\3’1’00
2.5x0.4 mm? ®
6.25x0.4 mm? .. ~imm
AM . T
e L o W M!UHNHW\ - -
hmuuummumh g Hum\u\ - e
ceueamsr AT + 5% isobutane
+++ + ¢ H +++ F ¥ A MM
{H’”}” {{—”ﬁ 4+ B MM+GEM 1 mm
T T + i @ MM+GEM 2 mm
. ; " . : -

10° 10° Gain 10° 10*
D. Neyret, 3" Conference on Aging phenomena in gaseous detectors, 2023

u trackers

HCAL1

RICH1
trackers

1st spectrometer

U_trk - U_cluster strip

2n spectrometer

Micromegas detectors

strip Coral hit time

90000

80000

70000

40000

30000

20000

10000

14000|

12000|

10000|

§

P T

[ 0.05 0.1
Uem)

60 40 -20 0 20 40 60 80 100

ht time{ns)

Good tracking and timing performance
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Thick GEM: photon detection at COMPASS

= THGEM: Same principle as GEM but with thick material (FR4)

= Industrial production for large size
= Mechanically self-supporting, robust

o PCB thickness ~ 0.4-3 mm

o Hole — drilled - diameter ~ 0.2-1 mm

o Pitch ~ 0.5-5 mm

Successfully used in COMPASS RICH-1 for single-photon detection

2500 :
0.1 mm rim
2000 -
° o'.. e ®
° L]
L]
1500 .
=z L ]
=
] .'
1000 | .
..
sool No rim
00
w ©9C0000000000OOO 00O

00 5 10 15 20
time [hours]

o Hybrid configuration: THGEM+Micormegas; 1.4 m?2 g u e peidl
3 [ EANCS
o eff. gain ~ 15000, gain stability ~5% 5 e
o single y angular res. 1.8 mrad Lo
r Constimt. 1181e+M £3.716e+01
o Gas: Ar:CH,4 50:50 >optimal photoelectron extraction ; Mew Q030000 |
from Csl to gas » ML 45mm
o IBF — 3% !: 11 l:, ;é;r;".“ ...................................... ‘:]
S N ST T L L L LT T L PP PPPPPPPSSTRLTELRRPPPIIOY
2V V7 A 0 P v
3mm
V2 AdAd 0040400840040 200000a000477)
THGEM Toils oo -
| | |
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URRNNRARARAAn
Long Shutdown 3 (LS3)

AL EEETLET T

MPGD at LHC

2030
[JFMAM TS ne@mi::limm 3]

Run4 \

[ shutdown/Technical stop
| Protons physics

1 tons
|| commissioning with beam
] Hardware commissioning

‘ H'L%Jm', The development of gaseous

[ detectors for HiLumi LHC is driving

LHC l " i the effort for (most although not all)
technologies proposed for
[ s2 ! [ iss | 14T i i
137w = BTG -l - EEETTET TR experiments at future colliders
7rev BTV ool B mmerre o owosn | RS imaien

5 t0 7.5 x nominal Lumi

o | 2w | e | o ] oo | o mmmmm»

ATLAS - CMS
experiment LEGtRcelpsall ATLAS - CMS

beam pipes HL upgrade

e e Detector challenges all there:

—— l .
o , e | High rate

HL-LHC TECHNICAL EQUIPMENT: - H | g h rad | at | on
- Pileup

DESIGN STUDY DE PROTOTYPES e CONSTRUCTION | nsTaLLATION & comm. [ PHYSICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS
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Detector challenges at LHC

. High-rate capability
o Increase in luminosity
o Extend the coverage to high eta regions

r[cm]

. High radiation
o Annual dose at HL-LHC ~
total dose of Run1+Run2

Detector challenges:
- Detector longevity (aging)
- Material validation
- Radiation tolerant front-end electronics
- Sensitivity to low energy neutrons and photons

100 200 300 400 500 600 700 800 900

Total ionising dose [Gy]

z[cm]

. Pile-up
o Up to 200 interaction in the same BC
o Up to 2000 reconstructed tracks!

Detector challenges:

- High space granularity/resolution

- High time resolution = 4d reconstruction

- Low material budget (central regions)
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Gaseous detectors at LHC

=  (Gaseous detectors are key devices in current forefront experiments, e.g. at LHC
. Mostly as central tracker (TPC) and Muon systems

=  ALICE = ATLAS

o CSC o MDT o MWPC
o  MWPC o CSC* o CSC o GEM*
o RPC o TGC,sTGC o RPC,IRPC o URwell**
. o RPC
o  Timing RPC . - o GEM*™
GEM* o  Micromegas
© o TRT

—
Nuclear Physics B - Proceedings = I

Supplements
ELSEVIER Volume 78, Issues 1-3, August 1999, Pages 80-83

Gaseous detectors at the 4 large LHC experiments
* Removed after Run2 High rate tests of microstrip gas

** Run3 and beyond chambers for CMS

*** Proposed for Run4 and beyond
MSGC proposed for CMS tracker — never used
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Gaseous detectors at LHC

=  (Gaseous detectors are key devices in current forefront experiments, e.g. at LHC
. Mostly as central tracker (TPC) and Muon systems

=  ALICE = ATLAS

o CSC o MDT o MWPC
o MWPC o CSC o CSC o GEM*
o RPC o TGC,sTGC o RPC,IiRPC o URwell™
o Timing RPC o RPC — o GEM*

-~ o  Micromegas
o GEM o TRT

Gaseous detectors at the 4 large LHC experiments
* Removed after Run2

** Run3 and beyond
*** Proposed for Run4 and beyond
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ALICE TPC

Heavy-ion collision experiment @ HLC
Major upgrade in LS2

Physics goal: high precision measurement
of rare events at low pr

Q Tot (A-Side)

o Low S/B ratio > hw trigger not efficient at low pr

o Large data sample required for rare-events
- acquire all Pb-Pb collisions

v (em)
charged partcle track ===
< drifting electrons from
X primary ionization
gating plane \
PN

=  TPC is the main device in ALICE for tracking and
particle identification (PID)

. In a TPC a crucial aspect is the ion backflow
suppression: ions from avalanche amplification affect
the E field stability in the TPC volume - gating grid

cathode plane

anode plane

pad plane

Z (drift time)

01.12.23
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ALICE TPC

GATED OPERATION IN RUN 1 & RUN 2

HV electrode (100 kV)
ﬁ
time
field cage
event 1 even event event\4
\ N J \ N )
| 1 1 1
Drift time in TPC, Fixed gating grid closure Drift time in TPC, Fixed gating grid closure
gating grid open time, no event readout gating grid open time, no event readout

*  Multi Wire Proportional Chamber readout

* Apulsed gating grid is used to prevent back-drifting ions from the amplification stage to distort the
drift field (ion backflow (IBF) suppression ~10-5)

* 100 ps electron drift time + 200/400 ps gate closed (Ne/Ar) to minimize ion backflow and drift-field
distortions

114.2cm

* 300/500 ps in total limits the maximal readout rate to few kHz (in pp)
+ Limitation of readout electronics: ~kHz in Run 2 (2017 pp: 2040 Hz)

<
<

Run1 & Run2: MVPC as
TPC readout detectors

49.7 cm

29.2cm

R.H. Munzer CERN EP Detector Seminar, 24/6/2022, https://indico.cern.ch/event/1172978
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ALICE TPC

HV electrode (100 kV)

field cage

114.2cm

<
<

Run1 & Run2: MVPC as
TPC readout detectors

49.7 cm
<«

29.2cm

CONTINUOUS OPERATION IN RUN 3 AND BEYOND

—Ttme >
[ {q Q )
A NIBE A N BRI
/'\%ﬁ?&ﬁ(’“€!$§§?ﬁ":?;sirft%r=lb'(! . \\f,r»‘«‘t?:;. »aﬁ‘!%fff'i\i

Q

RIS RS
Drift time in TPC

* Maximum drift time of electrons in the TPC: ~100 ps
* Average event spacing: ~20 ps

« Event pileup: 5 on average

» Triggered operation not efficient

* Minimize IBF without the use of a gating grid

Gated operation used in Run1 & 2 becomes inacceptable in Run3
- Move to non-gate continuous operation

R.H. Munzer CERN EP Detector Seminar, 24/6/2022, https://indico.cern.ch/event/1172978
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ALICE TPC

=  ALICE: ungated GEM-based TPC
" Continuous operation at >50 kHz Pb-Pb

=  (Cascade of 4 GEM foils = reduction of lon backflow from
~5% (3 GEM) to <1%

. PID with dE/dx: fine tuning of geometry and HV sharing
between foils; Energy resolution ~5-8 %

=  TPC volume: ~90 m3; Active GEM area: ~32 m?

] B=0.5T; Gas: Ne:CO,:N, (90:10:5)

pad plane

Ed"" g Ua‘ll)lUGClM:;'e JMN)IUGCMA':o'gs
GEM 1 (S) E T mm ° —a—U,_ =235V —o—U_ =235V 1
— =255V —o—U__ =

GEM2 (LP) = i 6l § S5t gt sy St

GEM 3 (LP) E” e ) PO S AN W

GEM4 (S) = L 2] -

Readout pads ind L al ]

Three measures to suppress the ion back flow into drift region: : """" 1

« Low gainin GEM 1, highest in GEM 4 6 e sewe
» Two layers of large pitch (LP) foils (GEM2 and GEM 3) block ions from GEM 4 00 05 10 15 20 25 30

» Very low transfer filed ET3 (100 V/cm) between GEM3 and GEM4 IBF (%)

R. H. Munzer CERN EP Detector Seminar, 24/6/2022, https://indico.cern.ch/event/1172978
01.12.23 Paolo lengo - MPGDs applications for HEF 73




ALICE TPC: calibration, calibration

KRYPTON

~ I Measured Kr spectrum l

PULSER SYSTEM LASER SYSTEM X-RAY

mnwmummmmmm

L > em _— — .
Putser input o—v1 — L ?_l - p ' ‘\,
» Energy resolution: oE/E = 12% @
* Pad response measurement Al . K(a) of 55Fe corresponds to: oE/E =
g P . gnment +  Full gain map :
Common Mode calibration - Drift velocity measurement . Stability 4.5% @ 41.6 keV (Krypton main
« Drift field distortions pegk) s
e 93511 778 * Common Mode calibration | Cluster occupancy |, e EdugEeaton

i Stack distribution | T
IR s L AL ELLLLTIIRLLET B A L |

—— TROX

o0 Peok Pomithon [AD C oy
E B =
3 3z

i

R. H. Munzer, Continuous data taking with the upgraded ALICE GEM-TPC, CERN EP Detector Seminar, 24/6/2022, https://indico.cern.ch/event/1172978/

E. Oliveri, MPGD Conference 2022
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ALICE TPC

)

ALICE

Pb-Pb 5.36 TeV
LHC22s period
18t November 2022
16:52:47 9

ALICE PERFORMANCE IN 13.6 TeV pp

% 1000
=
5 9oof
-e' -
S 800
3
iy 700F
©
S) F
© 600}
’_
500
400}
300
200
100
0 | - A

TT

ALICE Performarfeg
Run3,pp Vs =136 TeV

B=05T

T

TT

PC

A 1-0
p/|z| (GeV/c)
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ATLAS Micromegas

=  Major ATLAS upgrade of Phase1 am
g100k_‘__'~1 R R i S = s I e e |
> b 1
8 80 7
L
i
80 30 mm @ tubes: ‘ \ >
o Single tube | | i .
40 - -~ Chamber (2x4)—| y NN "
1 25m d 4 . 5 = -
A |\ M =i A n
20 - i A G B
\ ‘ [ N
0 - - - — - - - . ‘l ZUWAN [ \ 5 Mrhadv::\eicc:rl\(::-::::\d Micromegas
0 200 400 600 800 1000 1200 1400 . forward calrimeters .
Hit Rate (kHZ/T Ube) Toroid magnets LAr eleciromagnetic calorimeters
Eff|C|enCy VS rate fOI’ ATLAS MDT Muon chambers Solenoid magnet | Transition radiation fracker !
Semiconductor fracker .
Bigvm“é EM sTGC !
sTGC
| |
| ] H
Nannaliiies! ﬁ : L Complementary technologies:
' ey [ o sTGC: good bunch crossing assignment with high
= radial resolution and rough ¢ resolution from pads
end-ca| . . . .
| et (‘_ o Micromegas: good offline radial resolution and a good
2 ¢ coordinate due to its stereo strips
. . o 1280 m? active surface for each technolo
Runi1 & 2: Level 1 End-Cap trigger, dominated 9y
by fake trigger events (type B e C)
01.12.23
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ATLAS Micromegas

ATLAS Micromegas is the largest MPGD-based system ever conceived and built

Main R&D challenges o N
o Spark suppression g e ot
o Precise tracking for inclined tracks /
o Large-area production

Resistive Strip

0.5-5 MQ/cm 15-45 MQ 5mm long 0.5-5 MQ/cm

®
8
3

-
3
S

x
3
3

@
3
3

w
g
3

~
S
3

e

The uTPC reconstruction technique allows for precise

Insulator Copper Strip GND Copper readout strip
0.15 mm x 100 mm 0.15 mm x 100 mm
- — 700 Fig. 1. Sketch of the detector principle (not to scale), illustrating the resistive protection scheme; (left) view along the strip direction, (right) side view, orthogonal to the
E Eries 720 5 F —e— uTPC mode strip direction.
E Mean 1965 = E
3 Pinat o § 600F —*— Centroid . )
2 ety TR 5 _ F —— Combined The Micromegas R&D for ATLAS pioneered the development
E Sigma0 1237 519 Q 500 .
3 P 8§} of resistive MPGD
E Sigmat 33411 122 400
= 6,,=87um 300f
E Cgomp=1201Lm E
E 200
E 100~
Ee it R SRS ob.t I 1 I I |
6™~506 “1000 500 O 500 1000 1500 2000 10 15 20 25 30 35 20
xhalf diff [um] angle [deg]
Drift Cathoc

Pillars
Micro Mesh

PC8 """/ Read-out electrodes

Micromegas boards fully produced in industry

tracking at large impact angle 2500 foils produced-> big technological challenge
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ATLAS Micromegas

ATLAS Micromegas is the largest MPGD-based system ever conceived and built
2.1 M readout channels readout with VMM chip

Ar:C0O2 93:7 & Ar:.C0O,:iC4H; 93:5:2
Mesh mechanically floating (no bulk)

n
n
. 128 detectors
n
n
-> detector can be reopened
Al frame drift cathode
stiffening panel

stiffening panel 1 Il

T
strips mesh

Principle of mechanically floating mesh

stiffening panel

stiffening panel

LiLs L1L8
T OF s
g 352— ‘ J | ] és.s
8 zoé | ! ] —f5.4
25§_ {55 25 —s2
205— 55‘ 20 7;5
s 1 151 s
5? ‘ | _:5 sE _5“
g UL UL J‘ i oF Ei
0=, 1 1 { 1 1 1 48 1 1 1 1 1 1 1 1 I
13:10 13:20 13:30 13:40 13:50 14:00 09:50 10:00 10:10 10:20 10:30 10:40 10:50 11:00 11:10
»
> Ar-CO, @570 V Ar-CO,-Iso @520V
2 f g
N 10° o - o 8
$ : 3 $ f
2 JJ \ £ 10°; f \LL
g g f
W J w J
F W0 | |
10} [l‘ I "} 10 ] e L
| Iy x"r e ‘ .
r 1 ( * BAR
e il | 2 1
saBisidasidanalain pad ol R o —d L BN R e
4 2 0 2 4 €6 8 10 2 4 2 0 2 4 6 @ (0
current (nA) ourrenrt (nA)

HV stability improved by adding 2% of iC4H1q
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ATLAS Micromegas

£ B T T T |
g U L v O e e % 0-7: ATLAS NSW Preliminary qt ]
© b 2 = x|
5 $ o sso0e © sege ongenn.s, 9238 3 o06f &
5 e . .. g [ —* smallsectors T ]
2 . g 0.5;— ~* large sectors —:
prs 151 n s ]
§ o4 B E
€ f o~ 1
0.3 = -
ATLAS NSW Preliminary b E
E—% 1
MM 4/8 or STGC 4/8 side C B T R R R
MM side C - 4/8 angle/degree
SETDRC I Resolution vs track impact angle with cluster centroid

pp collision in ATLAS (no alignment correction, no time correction)

ATLAS Muon System Preliminary

El 0.5:m.| L B L B L L B L B AL pa

E  oasE =

c £ - 520V, slh=1 GIF++ data =

o 0.4 NSW Micromegas

5 F 505V, slh=1 29° inclination E

o 0.35— peak time = 200ns =

] - E

Drift cathode (on FR4) Y S .240L ° 0‘35— _E

) ; ion drift % Pl:‘\)::l 8 0.25 é— —;

il 0.2 E

/l) 0.15F —

e drift ‘\, E . A

@) 0.1 B Increasing bkg =

0 F < E

gt 0.05— ==

_/, = o

N ) § L \ C_nnl PRI RS ETTT| B Ar W RTIT] BT A 1T M SR T M

mesh / | N G;" 1 10 10 10° 10t 10°

~t R A A ________==A_-n_ . 1/ Gamma Intensity [arb. units]

Anode PCB Uamo . . . . .
520V, Resolution for 29deg. muon track with cluster-time projection method

. , . as function of photon background
V. D’Amico, 3¢ Conference on Aging phenomena in gaseous detectors, 2023
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ATLAS Micromegas

W ET T T T 3
< 28 ATLAS Preliminary 3
@ 26/ L1_MU14, Eachrunscaled toL = 2x 10* cm?s! 3
(3] E 3
O 24 > =
, 2t
> o A O 20F ; 3
ATLAS =) 8. ) > 185 | Nsw
EXPERIMENT = > f
4 % 16§ e ot %% o0 &
14} toe
E 1 1 1 1 | L 1 L L L
g 8 &8 & &8 & & & 8
& &8 &§ &§ & & & & 8§
3 3 3 3 3 3 3 3 3
S 2 = B 2 2J 97 7 =2
, S
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CMS GEM

2 o

-
¥ MY ne ny er

0s 0 or o o

*  GEM End-cap: Project on several phases - o @y Gy ar w ar W o @ GE2/1
£
=  Slice test > Run2 « 5l = L |
. — 1z
=  GE1/1 = Inner endcap Muon station - Phase1 --.._' . T MEO
. I s
= GE22-> Seconq gndcap Muon station - Phase 2 e -
" MEO - High rapidity region (|n|=2.03-2.8) > Phase 2 p— co- - s
= Triple GEM s = ey 2t
= Gas: Ar:CO, 70:30 iy |
, - S
= s
5 PU =50, 14 TeV . ,
_L- TrisPhisell simaation T 1 | 1 11 1] & Demonstrator: 4 +1 GEM ‘super-chambers
= Fssciimdiaton - Phaseldetector. | installed and successfully operated in Run2
[} LN H i i x-\l’stubswilhl\IISIll1
B0 thatels i1l 3 e et
a r - >2$!ubswlth51/1 —{— Run / Event / LS: 319347 / 36141749 / 46
o B - MS1/1 bending angle -|
;s:'” 10 E ]
1 = E
g i_ 1.64<§[11|;<2.14 —i
- L1Mu§(standalone) : 3 1
107 7 8 910 20 30 40 5060 100 /
L1 muon p, threshold [GeV] T T Valuable experience to spot operation problems and
B CERNEPD Seminar. 08/7/2022 implement improvement in the GE2/2 detectors
. Bianco etector Seminar,
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CMS GEM

] GE1/1: 2 wheel each of

Frame to
Read-out PCB with

12x128 readout channels

o 72 detectors > 36 'Super-ChamberS’ hold the Foil
o Total active surface ~50 m?

External frame with two

Dead Area rubber o-rings

Internal frames for establishing the gaps
(i.e. electric fields)
GEM foils

Pull-outs and T-nuts for the stretching

Active Area of the foils

Drift PCB

CMS Preliminary Cosmic Ray Muon Data 2022

1

120 T
o O 09
100 T T 0.8
1 “e ow 07
80 t
ow | e  am 06
60 " I Al . o
Foils stretched against 7 i A= ok
the “pull out” and 0 ! 03
chamber closed on u-i- i
placing the Readout 20 ] S )
Board s, 0.1
omom om GE-1/11112 L1
% w0 = o 20 4 &

M. Bianco CERN EP Detector Seminar, 08/7/2022
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CMS GEM

. GE2/2: 2 end-caps each of
. 36 chambers on 2 layers

= 4 modules/chamber = 288 modules
. Total active surface ~110 m?

Read-out PCB with
12x128 readout channels

External frame with two
rubber o-rings

Internal frames for establishing the gaps
(i.e. electric fields)
GEM foils

Pull-outs and T-nuts for the stretching
of the foils

Double segmented foils 1 and 2

Drift PCB
- Discharge propagation suppression
- Good efficiency reached
T..JFoil 3 single segmented to reduce HF noise

CMS Preliminary GEM 3 oy LT T il IZOZS?QIGFZT_

2 12 Trpie-GEM Detectors §.o ]

(5 | 3o coten e e R e ERRRRNIR R
3 1_‘“"-"'00.(7%) _ A . b 0.96- = ot Single-segmented

= o8- —@— GE11 Dowle Segmented — 0.04[ —— -

S I 1 + o i Double-segmented ~ —4— |

© c & .92/ A 3

20.6 + . o design sl

g. = 0.9 Efficiency of Z to dimuon events =

3 Fieid En s No Cross-talk ]

Q. 0.4 e, =2625kviem v ’ 088[ o Cross E

o Vg =392V — r \:| Cross-talk (25BX and 0.1X rate) | |

= oy = 97% efficiency 086 | [ Cross-talk (50BX) -

g 0.2 e -3060kviem g ® ] h : j

AVgqy = 395400 V. Small sectors - eacl 1 nique plane — ed hl

2 ¢ M5 chamber oa protected with 100k goo '@ e with >1o::c°tm 0.84 R B w S S
L > - L L Possibility to add de-coupling
o 0 2 ’ 6 ) 8 ] 10 12 50 620 o0 %0 0 00 0 =y porase ot L e GEW Iy pextition
V/em:Pd___ < Induction Field [kV/cm] Divider current [LA]
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CMS GEM

= MEO: 2 end-caps each of
= 6 modules x 18 stations =2 216 modules

= Module area 0.296 m? - total active area: 64 m?

Forward region = expected rate up to ~150 kHz/cm?

https://cds.cern.ch/record/1316179/files/CERN-THESIS- 2006-088.pdf

Ar-CO, 70-30
21000 4| E,,=E, = 3.25 kV/cm —=—360 V
E, _55kV/cm e 717355&
18000 Epmn’ 350 V/cm i = :V: gig v
— o L] ™ —*—330V
& 1 T,
s
< q
3 omall irrad 1aicd area
o oo @l ..-.
& 90004 di la—A-Al
A
s000]  A-A A alasssns A“" BRI
| v
¥ w'
3000 - . A 4 m' ! eSSl
A e — s — ek | o

T T
10° 10° 10 10° 10°
Rate (Hz mm?®)

Effect of voltage drop on the
protection resistor not visible - 3
when irradiating a small
detector surface

<<<<<

11

1.0

0.9

0.8

0.7

Relative Gas Gain

*~ - Ettective gas gain = 2 x 10" - Readout sector: n = 1,0 = 2

CMS Muon R&D

. fi H,Wﬁﬁw ............

tyy
MEO expected range tt 4
—+— Relative gas gain before compensation +++*+
—+~ Relative gas gain after compensation iﬂ'

T T T T T T T T
I I I I ]

Full irradiated ared}x

CMS-MEO detector prototype - azimuthal double-segmented GEM-oils
[ Gap configuration 3/1/2/1 mm - 2 MQ protection resistors on the top
I Foils with 100 k& protection resistors on the bottom

[~ Gas: Ar/CO, (70/30) - Gas flow rate: 5 L/hr

[ Xeray tube: Silver(Ag) target - 22 keV X-ray photons

L ol L ool

CMS Phase-2 Simulation Preliminary

(e -u = -p -chhad -allch -y ~Nucl Total

oo
>

Particle Hit Rate (Hz/em?)
3 <

YT T[T T[T T[T T[T T[T T

T

[Hie |

103;
10°E
" Ak 7
60 70 80 90100110120130140150
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Voltage-drop compensatio
Promising results for triple
working with stable gain at
particle flux of O(MHz/sect

CMS Phase-2 S/mulal tion Preli

y (cm)

Vertical segm§
discussed in E
lecture on Tues
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n:
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I
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CMS GEM

.
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LHCb puRwell

VELO

4D tracking
Timepixd-like
iLGAD, 3D sensors

Figure 4.15: (a) Side view of the LHCb muon system for the Phase-I Upgrade.

S ®  LHCb Upgrade of the Muon system for Run5 and beyond
i ol veweaLmencar —  Rate up to 750 MHz/cm? on detector single gap
et orin o . Newmionssem - Efficiency quadrigap >=99% within a BX (25 ns)
P e - - Stability up to 1C/cm?in 10y
..... [ - Gain=4000
Y Ax
Rates (klIz/cm?) _M2 M3 M4 M5
""""""""" R1 719 431 158 134
R R2 74 54 23 15
‘ <10 R3 o6 1 3
\ Tt R4 8 2 2 2
Phase-Il Upgrade Mwm Ay
BROARS, pixels 10 Area (m?) M2 M3 M4 M5
R1 09 10 12 14
74 R2 36 42 49 55
249 R3 144 168 19.3 222
as R4 57.6 674 774 88.7
t Q Ril R2 |le— R3 —m|<«——— R4
\BEAM PIPE

the four regions R1—R4 indicated.

R4

R3 HZE% 2| R3

eam

b

R4

=¥

(b)

(b) Station layout with

®  UuRWELL for R1/R2
- 4 gaps/chamber
- 76 detectors, size 30x25 to 74x31 cm?

V\| n-RWELL region ]

- 90 m2 detector (130 m2 DLC)

Gas: Ar:C0O2:CF4 (45:15:40)

PEP technique, more in E. Oliveri’s lecture on

Tuesday 6




Quality, quality, quality !

®  Quality control during detector construction is crucial

®  Any defect will be a weak point during operations

®  Detectors, components and services expected to run for many
years (>20 in LHC) in harsh environments with sometime limited
possibility for maintenance and replacement

MPGDs have an amplification cell of 50-100 pm
- defects of few pm can lead to malfunctioning (sparks, shorts) an
entire section of your detector

ELVIA
Mean 119.3

7000~
Std Dev  1.903

Mean  121.7

6000?
5000;
E Std Dev 2.259

4000(—
Distribution of the pillar height of 3000?
the Micromegas boards for 2000
ATLAS 1000

I 2 NIl (T I
05 110 115 120 125

130 135
Pillar height [um]

Large detectors = large problems!

Many components = high probability of having problems! Detector experts inspecting an MPGD board at the production site
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It's a long, long way...

TOR MMG+sTGC detector integration ~ Side-A wheel completion Commissioning in
June 2013 Dec 2018 July 2021 August 2021 ATLAS
. o R T currently being finalized

2014 Test of
Module -1

Dec 2019
R&D and detector construction First sector installation on JD

Side-C wheel completion

Examples: ATLAS and ALICE
Technical Design Report in 2013
Installation in 2021/2022

March 2017

Technical Design Report
for the

Upgrade of the
ALICE Time Projection Chamber

Aug 2020, Oct 2021

T May 2019, Sep 201 9‘ Nov 201 QT

Pre-commissioning

QL 7
! o
Commis§idnng in caver® i)

“I First collision:

S re|

corded

o

~ Chambeg assmbly
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2007 R&D phase: Largest 2022 Project compoletion: Largest
Micromegas ever built (0.24 m?) Micromegas system ever built (1280 m?)

From SM Lagrangian to plumbery work... waiting for physics
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Quest for New Physics

. New physics can be at low as at high mass scales,
. Naturalness would prefer scales close to the EW scale, but LHC already placed strong bounds around 1-2 TeV.

4 Direct Searches
PROJECT READINESS IS VERY DIFFERENTl*
Depends on FCC-hh
lid T I ”
en:::-om::ant N % Mu!tl-TeV / (l;)(:_lli-\/
Future g colliders (27k)
multi-TeV 5 \

s colliders $
o Muon
(=] 3-30TeV 22
- 011-100) * HL ,LHC
= nggs 5 14 li‘\
_'i Kraes g 0O((170)
=] .
S ’ ] wncocuc

z 3 0.5-2TeV

g8 o o)
=€ s Y ILC/C3/CLIC/CEPC/FCC-ee
v 2 250-380 GeV
§| o(1)
' : . . . :
Mass Scale #Higgs bosons (millions)

Higgs coupling measurements and direct searches will complement
each other in exploring the 1-10 TeV scale and beyond.
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Future Colliders

Higgs-boson factories (up to 1 TeV c.o.m. Multi-TeV colliders (> 1 TeV c.o.m.
ener energy)
- 9y) Collider  Type NG gly/f)] Lint Start Date
Collider Type Vs P[%] Lint . e Jet | ab™'/IP | Const. I Physics
o —1
e"/ef |ab” /IP HELHC pp 27 TeV 15
| HL-LHC pp | 14Tev | EE FCC-hh pp 100 TeV 30 2063 | 2074
ILC & C* ee | 250 GeV | £80/ %30 2 [SpeC____pp [ 75125 TeV | | 1020 | [ 2055 ]
350 GeV | +80/+30 | 0.2 Iﬁgec(.:eh & ;g %/I )
500 GeV | +80/ + 30 4 CLIC _ ee 15Tev | £80/0 | 25 | 2052 | 2058
1TeV | +£80/+20 8 3.0TeV | +80/0 5
CLIC ee 380 GeV | +80/0 1 p-collider pup 3 TeV 1 2038 | 2045
CEPC ee My 50 10 TeV 10
2My 3
240 GeV 10
360 GeV 0.5 _
FCCoo oo M, 75 Detector requirements depend strongly by the
2Myy 5 machine parameters
240 GeV 2.5 -
2 Miop 0.8 _ _ _ _
[ pcollider pu | 125 Gev 002 || = Hadron Colliders = high pile-up, high rate

= Lepton Colliders = cleaner environment
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Experiments proposed for future colliders

ALLEGRO

LiVa) vl ) Yo IR

01.12.23
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MPGD for future experiments

Total detector size /
Single module size

Gas Detector
Technology

Experiment /

Operation Characteristics
/ Performance

Special

Application Domain Requirement

Timescale

FCC-ee and/or CEPC

Total area: 225 m2

Max. rate: 10 kHz/cm2
Spatial res.: ~60-80 um

'[E)EETAEE?(E)%HOWER #‘fgm golllder U-RWELL Single unit detect: Time res.; 5-7 ns

: (0.5x0.5 m2) ~0.25 m2 Rad. Hard.: <100
START: >2030 mC/om?
FCC-ee and/or CEPC ) Max. rate: <1 kHz/cm?2
IDEA MUON Lepton Collider RWELL RPC g’rfall :Lenﬁt' ggtoeocg‘z Spatial res.: ~150 um
SYSTEM Tracking/Triggering H -0 25 mo ' Time res.: 5-7 ns
START: >2030 ’ Rad. Hard.: <10 mC/cm2

Max. rate: 10 kHz/cm?2

FCC-ee and/or CEPC .
IDEA PRESHOWER Lepton Collider Total area: 225 m2 Spatial res.: ~60-80 um
DETECTOR Tracking p-RWELL Single unit detect: Time res.: 5-7 ns

: (0.5x0.5 m2) ~0.25 m2 Rad. Hard.: <100
START: >2030 mC/om?
MUON COLLIDER Eepvfl: oerzneration Total area: ~ 3500m2 gla;,['iﬁt?é:j??okonrécmz Redundant
MUON SYSTEM Muon Collider ger Single unit detect: 0.3- P o H tracking and
START: > 2050 fast Timing 0.4m2 Time res.: <10 ns riggering

’ MPGD ‘ Rad. Hard.: < C/cm2

01.12.23
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Lepton colliders

» In Lepton Colliders gaseous detectors are still the
optimal choice for inner trackers = low material budget

» The example is the IDEA detector concept
o Proposed for large lepton colliders (FCC-ee, CEPC)

L o Tracker:
~.L__Yoke/u chambers - Sipixel vertex detector
- Drift Chamber (DCH)
N - Siwrappers (strips)
<
=2
. “, 2
Z Physi D Perfi
| 1 %[ ol o PRWELL for pre-shower detector pmyf: Measurands sul(:;::::n r:ii:’;::f
Solenoid 5 g and Muon system inside the
" =1 ZHZ~cte ity maoo(ZH) o A(l/pr) =
3 magnet retour yoke ey i BR(H — irty-) 2% 105 o 0
175}
.IDCH H — bb/ce/gg BR(H — bb/cc/gg) Verlx = i
. . P(GeV) xsin3/z g \ 1Tk
— o Superconducting solenoid ”(GOJ.V; =
MNEE==== . ° .. BRH =g, ECAL B =
— 2T,30cm,~0.7X0,0.162@30 T L WW* ZZ*) HCAL 3~ 4%at 100 GeV
Z[m]
AE/E =
H— vy BR(H —vy) ECAL 0m _ o001

E(GeV)
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TPC at electron linear colliders

A TPC ideally combines dE/dx measurement and low material
budget, allowing a continuous measurement of the tracks.

A strong magnetic field aligned with the TPC drift field limits diffusion
and allows charged track momentum measurement.

Together with silicon (vertex) detectors, it provides excellent
performance in resolution

TPC is the main tracker for the ILD detector concept. At ILC, it profits
from a beam time structure allowing power switching and gating.

e Y M Nl
Y €Y fe '

——-— (AT ST AT A
TN e e

Micromegas

First development of large
scale GridPix detector

M

~10 m? detector surface. Three option under study: Micromegas / GEM / GridPix
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TPC at electron circular colliders

O The ILD collaboration is considering to adapt the TPC

IBF*Gain)

KIBF (

dE/dx in Argon: mas K
10

concept to a circular collider
Baseline gas: Ar:CF,:iC4Hq9 95:3:2 - excellent dE/dx
For cluster counting He is needed (larger cluster separation)

= TK TOF Ng
— 7K dE/dX ng in Ar
— K comb. ng

50.0°
2.9m
g

flight d
or 2 o
dE/dx resolution =

lwon Il

K/n separation (std)

[ EZ200Vicm , E=200V/cm,V =400V
t Mesh

10° 10t 102
Momentum (Gev)

* T2Kgas
r = Ar/iC4H10(95/5)

:GEM4MMG @ IHEP CAS

e

o Running a TPC @ Z pole @ 2x10% cm™ s is not trivial
o The ion backflow is an issue

r , - The positive ions of 22 000 Zs will accumulate in the TPC volume
[ ; 1 1BFGain: § - Continuous DAQ and tracking needed for

,_r/// I real-time corrections for space point distortions

- e jo CEPC TPC - experience from ALICE!

TPC for CEPC: promising results in IBF suppression for hybrid GEM+MM technology (tested by ALICE in the past)
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Muon Collider

O Gaseous detectors (RPC) considered for Muon

O
O

Neutron Hit Rate (Hz/cm?)

S
W

2
0

<

=)
T

system, interleaved in an iron yoke

Targets 100 um space and 1 ns time resolutions
Space resolution and rate capability challenging
for RPC > exploring other options: GEM,
Micromegas, mRPC, PicoSec...

Muon Collider 1.5 TeV - Neutron Hit Rate vs 6 Muon Collider 1.5 TeV - Photon Hit Rate vs 6

NE 10°E
5 b —
N
<
o 10°5
)
<
o
=
T
E c 10°:
S P =] E [m
E | Triple GEM S [ | Tiple GEM
Fl o =
- RPC & |=nrc
E |+ arec 5 | arre
] E
L - Pi C o
[ | Picosec r % Picosec
L 1 1 1 1 L | | | 1 1 L
& 810 012 225 250-45° 5 1 & PopTS o1 1.2 2545 w5
0 6

O Picosec detector can reach <1 ns time resolution at high rates
O Lower material budget compared to RPC - smaller sensitivity to neutrons aand photons

- R&D started

O  Very high energy muon momentum reconstruction in 10 TeV collisions remain challenging

hadronic calorimeter

# 60 layers of 19-mm steel
absorber + plastic
scintillating tiles;

+ 30x30 mm” cell size;
» 75A,.

¥ 40 layers of 1.9-mm W
absorber + silicon pad
SEensors;

¥ 5x5 mm? cell granularity;
» 22Xp+ 1A,

muon detectors

¥ 7-barrel, 6-endcap RPC
layers interleaved in the
magnet’s iron yoke;

¥ 30x30 mm? cell size.

superconducting solenoid (3.57T)

tracking system

¢ Vertex Detector:

* double-sensor layers
(4 barrel cylinders and
4+4 endcap disks);

+ 25x25 um? pixel Si
sensors.

¢ Inner Tracker:

» 3barrel layers and
7+7 endcap disks;

* 50 pm x 1 mm macro-
pixel Si sensors.

# Outer Tracker:
* 3barrel layers and
4+4 endcap disks;
* 50 ym x 10 mm micro-
strip Si sensors.

shielding nozzles

# Tungsten cones + borated
polyethylene cladding.
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Electron-lon Collier Trackers

O 3 proto-colloborations: ATHENA, CORE, ECCE
- ATHENA as example
- Hermetic detector, low mass inner tracking
- Moderate radiation hardness requirements
- Excellent PID (pi/K/p)
o forward: up to 50 GeV/c
o central: up to 8 GeV/c
o backward: up to 7 GeV/c

ATHENA

; ' o Outer barrel tracker uses cylindrical A

Mechanical Mock-up T+ Micromegas

First Full Assembly | o Endlcgp tracker'gses pla'nar u-RWELL :
. S | o Envision capacitive-sharing pad readout:

Vertical stack of pads layers = reduce ]

readout channels

il o GEM or yRWELL proposed as forward

' tracker in CORE as well

CORE EIC GEM prototype
U-V srtrip redout
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parameter unit LHC | HL-LHC | HE-LHC | FCC-hh
Eem TeV 14 14 27 100
circumference km 26.7 26.7 26.7 97.8
peak £ x 1034 cm—2s~1 1 5 25 30
bunch spacing ns 25 25 25 25
number of bunches 2808 2808 2808 10600
goal [L ab~! 0.3 3 10 30
Cinel mbarn 85 85 91 108
Otot mbarn 111 111 126 153
BC rate MHz 31.6 31.6 31.6 32.5
peak pp collision rate GHz 0.85 4.25 22.8 32.4
peak av. PU events/BC 27 135 721 997
rms luminous region o, mm 45 57 57 49
line PU density mm ! 0.2 0.9 5 8.1
time PU density ps~! 0.1 0.28 1.51 2.43
chh/dn‘,Fg il 7 8 9.6
charged tracks per collision Np 95 95 108 130
Rate of charged tracks GHz 76 380 2500 4160
<pr> GeV/c 0.6 0.6 0.7 0.76

.4, 100 km

circumference’
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Gaseous Detectors at FCC-hh

Gaseous detectors in Muon systems (Barrel and forward) A
No standalone muon performance required !
- Muon system providing Muon ID and trigger capability 1
O Requirement for combined muon momentum resolution:

O O

10% for momenta of 20 TeV/c at n = 0.
O  In forward muon system, standalone momentum i l'

measurement and triggering can only be achieved
when using a forward dipole (like ALICE, LHCb)

10Ty

—— standalone 70 pr:
tracker

—— combined MS lim

[ —— combined 25 um

—— combined 50 um

-~ combined 100 pm

1P (%)
0, /P (%)
8
[}
@
s
B

e simulation 100 GeV/c
30— -

I 2| 1 1 I
10° 10° 10* 05 1 15 2 25

p, (GeVic) Il

Charged particle fluence rate [cm'2s'1]

z [cm]

o Gas detectors like the ones employed for HL-LHC (sMDT) are good candidates for the muon systems

o Different choices for Barrel&Outer EC and Inner EC

o Dedicated R&D needed to exploit recent trends in frontier gaseous detectors: sub-ns time res., O(1)MHz/cm2 rate
capability, longevity, eco-friendly gas etc.




SHADOWS

Target station

o SHADOWS: Proposed beam-dump experiment at CERN NA
o  Search for feebly interacting particles (FIPs) in 0.1-10 GeV mass range MiGretzad Ko Biocks
o Muons from IP main source of background > need of a veto system: S urasido
O ~1O kHZ/Cm2 maX rate Downtream shields
TCC8
o 2D tracking capability with resolution <1mm
o High efficiency
o Time resol ~10 ns o
o Proposed to use DLC resistive pad Micromegas _ , .
2 - 4% S0
s : 1j e S L= ¥ DLC-20 Ar/CO,/iC,H,{
1 g o A 18w, % SBU-3 ArCO,jiC,H,,
§ 8 oo £ 1 518 oFE §  DLC-20 Ar/CF/iCH,,
g > e aE & SBU-3 Ar/CF,/iC,H,,
0'85; Paddya00 - = 20; 8 L™
TANH . | sE &
< g 4 b0 |7 T T T X ] 10;— & % oo
xom 0730400 420 440 460 480 K S
HV g V] g 2 73 6 8 10 12
Drift velocity (cm/us)

Figure 41. Expected muon rate in the upstream veto of the SHADOWS detector.

ECAL

l Ldlcrdl velo
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Muon detector Timing
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Upstream VetJ
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Gaseous detector longevity

o  Ageing phenomena in gaseous detectors can be the subject of a dedicated conference:
3" International Conference on Detector Stability and Aging Phenomena in Gaseous Detectors:
6-10 Nov. 2023 CERN (https://indico.cern.ch/event/1237829/)

0

2 4

LHCb years
6 8 10

1 -oo,...o.“‘o!...'.a.....'............o‘o.o‘

5
)
o Main source of classical ageing: B o7
o Degradation of material with integrated charge / time 3 05 ~ » 1ligh Gas Flux (200 cc/min)
o Chemical effects of gas compounds E 03 Low Gas Flux (20 c¢/min)
. . . < 0 02 04 06 08 1 1.2 1.4 1.6 1.8 2
o Ageing is however a subtle phenomena, depending on many Integrated charee (Clom®
parameters (gas mixture, materials, operating conditions, rates...) = s
and detector ageing must be studied for each specific application _
o Example: relevance of controlling the operation parameters (e.g. B 3 ‘; °
gas flow) in GEM. LHCb test = 10 e =
. . . oy o
o Ageing test must be long-term: acceleration might mitigate the o |° - - ”
aging effect known from wire chambers = 2
Equivalent stydu missing for MPGD (to my knowledge) = S .
© = Au wire ' b ¢
on *  Au, Graphite cathode °
(3~ * SSwire
4 8S,CH,45
v Au, 1% water g
01 1 1 1 1
0.01 0.1 1 10 100 1000
Initial intensity (nA/cm)
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Gaseous detector longevity

Gem foil 2

based mixture at low flow . . A L

Aging in ALICE GEM prototype operated with hydrocarbons (CH4) in Ar

MPGD better behavior compared with wire chambers T 1] T ]f] Ml,ﬁ'!,‘gl, RRRBRA AR
Confirmed with accelerated tests as well as, more P 8 PN N - Rl i o
repently, with long-term aging tests on GEM, % osmﬁv:}ua{@fw_‘@ i~ e \lnﬁgm
Micromegas and other MPGD with excellent results PP L Ll AN

-—é | ~s10° % : years LH

2 gaf Xmm? g o
New materials (resistive coating) and challenging detector 8 o
operations (high rates, large integrated charge) calls for A= O I LR LTI NI Y
dedicated studies %1 2 3 4 s 6 G.pull etal T e © 7 Time(mn)

Collected charge (mC mm?)

Effects of hydrocarbons must be re-evaluated for the
specific application Resistive Micromegas (ATLAS-like): 3-years exposure at GIF++
Total collected charge ~0.3 C/cmA2 — No sign of aging in Ar:CO2

T5 T2 & T8 energy resolution
Int. Charge incl: 0.26 C/cm?*

»
8
Normalized current

. - - ArCH,
ko Gain| <o,
L

Bl

Energy resolutiome.

g

Datapoint not corrected for T,P variations

Pad plane Current [1A]
Energy Resolution [%]
3

O O

,’/ﬂ-\ »,. 0.40

: : : 100 _ i s | i E Zzz- . . s 883 3 8 o Semetgengay fadhy S0 e
Etching effect on Triple-  © ’ T on he ow o : s
GEM operated with CF4- <3 R T ) s SRR

]

Test with 2% of iC4H10. Results from
accelerated test (up to >1C/cm2) and from long-

. . , , term test at GIF++ : no aging observed
95% mixture. Aging stops when CH4 is replaced with CO2

0112 23 =
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Summary

Road to the Nobel Prize for a detector physicist
Invent a smart detector
Make sure it is used in frontier experiments

Make sure one of the experiments makes a breakthrough
discovery in Physics

wn =

y-rays and the highestenergy particles. At the current stage of high-energy
physics, however, simply making use of the location of free electrons near
the wires of proporti and the drift-time of the electrons

provides an image of configurations rivalling in complexity thase provided
by bubble chambers. This is shown in fig. 10, the image of an event
generated in the ALEPH detector installed at one of the intersections of
LEP, the large ¢ ¢~ collider operated at CERN.

“It doesn’t matter how beautiful your theory is, it doesn’'t matter how smart you
are. If it doesn’t agree with experiment, it's wrong.” [Feynman]

-, No Nobel prize (yet) for MPGDs. ..

instrument making use of the drifitime in a large volume and the read-out of coordinates
projected in 2 wire chamber. Amxiliry owtside detectors provide the information on the energy
of the pertcles, the trajectory of which was displayed.

Georges Charpak — Nobel Lecture. NobelPrize.org.
https://www.nobelprize.org/prizes/physics/1992/charpak/lecture/
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Thank you!
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Additional Material
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MPGD as RPC

The resistive coating of PCB allows to develop RPC-like structures for time resolution comparable to RPC (~ ns)
" Main difference with RPC: surface vs planar resistivity

o Resistive pattern possible =  RSD: Resistive Strip Detector
o  Tuning of resistivity o First prototype with screen-printed
= Some activities ongoing to explore the potential resistive strips
Good resistivity uniformity reached
" sRPC: surface RPC gSRPC - C H,F /ISO/SF, - 83.5:5:1.5 o Promising performance
o Standard DLC on substrate® «f atter’ T Cwd
o ©o;=1nsreached
- J'W? [ Efficienza
S
— = * " [k1\1/]

gsRPC time resolution

Efficiency

Preliminary

C,H,F /ISO/SF, - 93.5:5:1.5
®  THR discriminator
# THRw TW corr.
¥ Extrapolation

-

g &8 8 8 ¥ 8 8

8650 700 §750 8800 8850 900 8950 9000 9050 9100 9150 V

fiigi

-
-
e
e
-

9.8 10 10.2 10.4 10.6 10.8
S — HV [kV]
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MPGD for future experiments: TPC for |LC

Micromegas

= TPC for ILC :

Geometrical parameters sous
329 mm 1808 mm  + 2350 mm

Solid angle coverage up to cosf =~ 0.98 (10 pad rows)

TPC material budget 0.05 X including outer fieldcage in r
0.25 X for readout endcaps in z

1-2 x 10°/1000 per endcap

1x 6 mm?* for 220 padrows

Number of pads/timebuckets
Pad pitch/ no.padrows

RIRIR R AR

[ﬂp.nm inro 60 pm for zero drift, < 100 pum overall]
Opoint iN T2 0.4 — 1.4 mm (for zero - full drift)
2-hit resolution in r¢ ~2mm
-hit re ion in rz ]
dE/dx resolution ~5%
Momentum resolution at B=3.5 T  &(1/p;) ~ 10~ */GeV/c (TPC only)l
In addition: very high efficiency for particle of more than 1 GeV. E
. . k2
These requirements can not be fulfilled by °
conventional wire-based read out. New
Micropattern-based readouts have to be applied
Several options under study: GEM, Micromegas, GridPix b SEEST] b )
Measured drift length: Z [mm)] Measured drift length: Z [mm)
GEM
e B ] e r , T >~
£ | Extrapolationto | £ _© i - e
o ILD conditions | § . 4 o s
I > ¢ 'M IS S
15¢ - P
[ 2013 ] ] 10F “He L@ g
~2016  § “e=cme E . st Ty ~
L L L " i L L L " N 2 £ 04 4
0 100 200 300 400 500 % 500 1000 1500 2000 % 80 Tio0 150 200 £ 7
drift distance [mm) drift distance [mm)] # hits in track g
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MPGD for future experiments: TPC for |LC

" Gridpix option -> first large application

o Bump bond pads are used as charge collection pads
" Offers:

o Lower occupancy > easier track reco

o Improved dE/dx (4% seems possible)

LV regulator

n Needs:
o ~120 chips/module on 240 modules/endcap (10m?)-> ~60k GridPixels
n Demonstrator of mass production: T

o  One module equipped with 160 GridPix (320 cm?2)
o Very promising results: a GridPix-based TPC possible!

« Timepix hits
Telescope track

N 1.6
[—— 1.4

z-axis (drift direction) [mm]

MPGD proposed for calorimetry at ILC too
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MPGD: increasing the rate capability

=  Separation between ionization and amplification regions

=  Short (~100 um) ions drift path - fast ions collection
= - Higher rate capability
= - Granularity, fine space resolution

Construction based on printed circuit board production (photolithography, etching)

FWPC,MEGC Gain-Fate Summ
T

12
=
‘a
on
E 2 i msec¢ 1
© CVD Diamond-coated glass
Ca) p ot (0 T I It El o 1 _$rirs 4
IR e A i
09 \ILI 1 i\'i
g 3 ) oy ' i i
e i MSGC Y
08 N i GLASS 10° R\gm
A \rpc ,\ s \
0.7 M \;\ 4
i MSGC
06 i GLASS 10  cm
. | - MSGC
0.4 i
10° 10 10° 10 107 A. Oed (1988)

Rate (mm4 s")

Rate capability: MWPC vs MSGC

_ _S.,_.a';:‘\;_
o GEM - Micromegas
F Sauli (1997) [ Glomatarls,

G. Charpak (1997)
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The first challenge: disruptive discharges

Even in device of good quality, when the avalanche reaches a critical value
~107 e~ (Raether limit) a breakdown appear in the gas, often referred as ‘spark’
—> limit on max gain for stable operation

=  Example: Gain ~ 104 lonisation gap ~1 cm
Avalanche size Q = # of e primaries x Gain

o MIP:Q=10%x10* = 10 > OK
o pof~MeV:Q=10%x 10* = 108 - discharge
o Field emission from cathode strip: Q = 10% x 10* = 108 - discharge

Passivation of the cathode
edges (1999/2000)
-> MSGC operational

E-field [MV/m]

anode

g !
|-\ eap

| &ap |
| | cathode < \ cathode .f
{\ /\ | \‘\_//‘
— "\‘\_/ ; ; 3 " pm :
= Other spark protection/reduction mechanisms v
‘ adopted in other MPGD -> more on that later
61
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Gas Electron Multipliers

GEM

Thin (~50 pm) metal-clad polymer foil chemically
perforated with high density of holes (~100/mm?)

Preamplification and charge transfer preserving the
ionisation pattern

lonizing |

{Particle
Drift Cathode

1
1

= GEMfoils in cascade - §af
high gain before discharges ===
=  Multi-stage - triple GEM

3mm - Drift

-
| GEM foil 1

1mm - Transfer 1

GEM foil 2

2mm - Transfer 2

(Al = = =
| i ¥ | GEM foil 3
f —— - -

i
L 1 mm - Induction

Al

Readout Plane

DISCHARGE PROBABILITY ON EXPOSURE TO 5 MeV
o (from internal 220Rn gas)

10° ‘Mulllgom wln-dlltcvuvno 1 104 &
{ z
= .
3 ! :
g | E
)
=
w s ©
w 10* t 10
& : :
H ’ I
; H ! S
! e
= g
| / | { 2
D DOUBLE GEM 2
) f
10° t — » 10°
| | i
| / &) / SINGLE GEM
Adek-A- koA | IR i
[ X S ] .
| [
|
10% L L A‘ L 107

L
360 380 400 420 440 460 480 500 520
AV ON EACH GEM (V)

S. Bachmann et al, NIMA 479(2002)294
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MICRO MEsh Gas Structure

Parallel-plate with small (~100 um) Drif :
‘e . Cathode Drift Cathode

amplification gap Z

Thin metallic mesh separating the ionisation

and amplification regions

™ . PCB h Read-aiit elertradec
Rate capability and energy resolution of e
lel olat Funnel field lines: it
parallel plates Read-out high transparency to electrons ||/l
i in-disch QUAD Non-resistive MM (Ar.CO,85:15) Neutron flux = 10° Hz/em?
105 | : icromegas gain-¢ 002 - c - —
“MICROMEGAS . . . . Btororitn . Sants
I s e o . o . The introduction of a resistive protection asp "
8 il . /)” {o015% (R&D for ATLAS) permits to largely g
‘:' /f 3 suppress he discharge intensity 2> 5
10° ; 0.01 & spark-immune Micromegas 3
| <
oA/ . Opened the road to the development of =
& ProBABILITY 17 resistive MPGD
Y
10346360 360 400 420 440 260 a8d Mesh support pillar Resistive Strip £
-V (V) 0.5-5 MQYcm z
3 S
o S = >
Standard (non-resistive) Micromegas - oo 5L mom T
successfully used in HEP experiments r'*(‘"""'"ﬁ""""?m sk . A7 o
o . . \ \ —
Stl” with non_negllglble dISCharge rate Insulstor g.?lgp;:nsﬂ’OOmm B om0 w0 000 71000
Time (s)
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Muon Collider: a new concept facility

1.2 ; T
11t CLIC ——
1

e 2 11 MuColl —e
Muons do not suffer from synchrotron radiation in this energy range | £ o | MGG ==
‘-“Z 08 |
5 : F F o . o 0.7
High center of mass energy & h.lgh I'um.mosny & power efficient: ge 0.6 |
luminosity increase per beam power T 2 I
C. Accettura et al. "Towards a muon collider" 3 8? i X ‘
Parameter Symbol Unit Target value ) 1 2
Centre-of-mass energy Ecm TeV 3 10 | 14 Ecm [TeV]
Luminosity £ 1x10%3%cm—2s—1 | 2 | 20 | 40
Collider circumference Ceoll km 4.5
Muons/bunch Ny 1 x 1012 22 | 1.
Repetition rate i Hz 5 5 5
Total beam power P +P, MW 53 | 14 | 20 @,
Longitudinal emittance €1 MeVm 75 | 75|75 1
Transverse emittance €1 pm 25 25 25 C :
IP bunch length o2 mm 5 1.5 | 1.1 OmpaCt. .
IP beta-function % mm 5 | 1.5 | 1.1 || cost effective
IP beam size ol pm 3 09 | 0.6 & sustainable MC 3 TeV
.. +/s=3TeV1ab'5 years one experiment @
Integrated luminosity: .
Vs =10 TeV 10 ab™! 5 years one experiment
October 17, 2023 Donatella Lucchesi
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(Gaseous detector longevity

e Ageing behavior of traditional gaseous detectors (wire chambers, RPC) well known

[ J Bakellte RPC g S?MS MUON P’eﬁmm o §1Z:?MS MUON Prelfn;y/‘ 7‘/‘—?62
» Surface degradation mainly due to F- radicals combining in HF 3+ = wenw g
— increase of dark current. " est //l/ /
Mitigation: reduce F-based gas components; increase gas flow . . ;e “F T e
* Increase of bulk resistivity — increase in working point o 30 P e Wi /,} o
Mitigation — restore rH value. Effect can be fully controlled i W e A/ R
S e L N E3
e Wire chambers R et
e Deposits (whiskers) on the wire surface — distortion of pulse height
spectra, gain loss, noise rate o Conclusions on Gases  4q6) 547-
Mitigation: no hydrocarbons, no silicon material A s e L e e e

0.01-0.05 C/cm.

T\]ﬁ évwggu"!? O, mixture appears to behave about ten times
’

] ‘.’E better.["'“»‘jl_\]a‘
_;’1405; _ . |
§ treeeses ot topn Pt *-.,;:rmv!*,
ues,—*mmg‘.z._-v ]
09} 'i:,.»"“Performance degradation | |
ossizaitss  time of wj SIT Typ|ca| aging phenomena
> . 2010 I
i : 8 on wire chambers
0.75Fs %5 s o
it L
0‘7“.‘ . goug
065 2017
L S - B S
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