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MPGD: Micropattern Gaseous Detectors

First MPGD > Micro Strip Gas Chamber (MSGC)

MWPC
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Pitch limited to 1 to|2mm

due to mechanical and
electrostatic forces.

MSGC

A. Oed
Nucl. Instr. and Meth. A263

(1988) 351.

Glass substrate with anode
strips of 10 um with a

pitch of

More simple than a wire

200 pum.

Chamber.

Short ion drift path!

RESULT:
Spatial resolution ~50um
Rate capability ~106 Hz/mm2

Lithography on PCBs ( printed circuit board )



Micro Gap Chambers Micro Gap Wire Chamber ) ]
Micro Wire Chamber
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but 2 technologies made it for LHC:
Micromegas and Triple-GEM Detectors

Upgrade of Muon Forward Spectrometers

T

% Miromegas qadruplets of32 SM
BMBF: Freiburg, Mainz, Munich, Wirzburg

2 GEM detectors of 144

GEM detectors for the ALICE TPC
TUM development
not covered in this talk

ALICE TPC - 700 GEM




but 2 technologies made it for LHC:
Micromegas and Triple-GEM Detectors

A8

% Miromegas qadruplets of32 SM
BMBF: Freiburg, Mainz, Munich, Wirzburg

2 GEM detectors of 144

3. technology:
GEM detectors for the ALICE TPC HRWELL: Micro Resistive WELL detectors
TUM development 1.5m

not covered in this talk simple construction cheaper

Jefferson Lab Clas12 1 MHz/cm? 5
ILC

| ALICE TPC - 700 GEM |




Micromegas
for the ATLAS NSW

|. Giomataris & G. Charpak et al., NIM A376 (1996) 29
Voltaire 1752



ATLAS: A Toroidal Lhc AppratuS
muon spectrometer

2 Detector characteristics
Muon Detectors Electromagnetic Calorimeters ] Width: 44m

— Diameter: 22m

Weight: 7000t
Small Wheels < eight
Solenoid CERN AC - ATLAS V1997
Forward Calorimeters
A —— L AR A

End Cap Toroid

i Inner Detector 2 i s
Barrel Toros Hadronic Calorimeters hiziding

endcap barrel endcap

toroidal magentic field => endcap: n (radial direction) is precision direction



ATLAS: Micromegas and sTGCs replace the old Small Wheel

Scheme: ¥ ATLAS

radial precision direction (n)

endcap

B Smell Wheel Region ———
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, ReC' A 2 Old Small Wheels:
0 . . i . u - drift tube chambers
1T e s 7 v ( rate limited )
/ rd

- cathode strip chambers
( lifetime limited )
- ho trigger information

==

for HL-LHC 2 NSW are needed
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interaction
point

New Small Wheel (NSW ) :

Micromegas detectors MICROMEsh GAseous Structure
sTGC: fast wire detector small strip Thin Gap Chamber



ATLAS: Micromegas and sTGCs replace the old Small Wheel

Scheme: 4 ATLAS

radial precision direction (n)
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zm| ¥ EML EOL
/ F]
RPC's /s 6

BOL [ ey

/
10 / f‘ll\i '1‘/

L]

= o D 0

interaction
point

large
detector components
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Requirements for the New Small Wheel

HL-LHC: L=7.5*1034 cm—2s-1
background rates: 20 kHz/cm?

online trigger information:
- constant trigger rate over n
- online track segment reconstruction

muon precision tracking:
- 150 pum spatial resolution
-Ap /p_ <15%forp @ p_>1TeV

-€>97% forp @ p. > 10 GeV

precision construction

high accuracy during execution
quality assurance and
calibration

10



Micromegas Detectors: MICROMesh Gaseous Structures

2-3m? resistive strip Micromegas detector a—
cathode -300 V

3 planar structures:

- cathode plane 3 pieces
1 kVicm - !
- anode | readout plane 3 pieces
cathode
;
T ov .
insulating pillars W Mﬁ@ﬁ% 10_128 mm 40 kKV/em 2.7 mm drlft_

resist. strips 520 V 1 kV/em region
Ww7¢¢¢?Wv¢$~X =
mesh
' 0.450 mm pitch large modules 4(1]2‘%//(:m amplif.
0.425 mm pitch small modules pm region

resistive microstrips sheet resistance: = MQ / sq.
+ copper readoutstrips
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Micromegas Quadrupet Detectors: MICROMesh Gaseous Structures

2-3m?’ resistive strip Micromegas detector
cathode
gases:
Ar:CO2:isobutane Uanode= 520 V
1 kVicm 93:5:2 Vol%
Ar:COZ Uanode= 570 V
93:7 Vol%
S V....n N
; ind D - 2% isobutane: increased HV stabilit
insulating pillars r Mﬁ@//@ I y
resist. strips Z 0'12582"8% 40 kvicm and better performance
R AT T T T T
B Xiditi 0250 mm pitch
0.425 mm pitch
large
l area
" capability

resistive microstrips sheet resistance: = MQ / sq.
+ copper readoutstrips

Xi,qi,ti information per strip ( strip nr., charge on the strip, arrival time of the signal)
12

a cluster is a sequence of responding strips



MM Resistive Strip Anode
( PCB: printed circuit board )
( breakthrough for large area capability )

50um Kapton + resistive strips .
P P screen printed

lithography PCB + readout strips 0.5mm 0-05mm I ESL paste
25um solid Glue
alignment
‘ coverlay
frame
High temp Gluing

4

128 um pillars
50 pm Kapton
H P Pillars deposit
500 um PCB lithography

development: CERN detector lab
resistive strip layers: Univ. Kobe (Jp)
production: Elvia (F), Eltos (I)

coverlay frame
=>
pre-resistor !

(important
for
HV stability )
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Double MM Resistive Strip Anode
( PCB: printed circuit board )
( breakthrough for large area capability )

Cu 0.45 mm 50um Kapton + resistive strips screen printed

25um solid Glue

T atignment
‘ coverlay

frame

coverlay frame
=

. pre-resistor !
128 um pillars
50 pm Kapton . . important
500 H PCF; Pillars deposit ( I:gr a
Hm lithograph -
graphy HV stability )
not to scale 10 mm honeycomb
50 um Kapton . e _ e e
128 um pillars
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Double MM Resistive Strip Anode
( PCB: printed circuit board )
( breakthrough for large area capability )

Cu 0.45 mm 50um Kapton + resistive strips screen printed

25um solid Glue

T atignment
‘ coverlay

— - ' frame

coverlay frame
=
pre-resistor !

128 pm pillars
50 pm Kapton -

H P Pillars deposit ( 'm'?g: rant
500 um PCB lithography HV stability )
10 mm honeycomb

50 pm K_apton  —— — —
128 pm pillars — em == == == == == == = mesh is floating ( mounted on cathode )
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Micromegas Quadrupet Detectors

floating mesh mounted on the cathode

1 m? resistive strip Micromegas detector
[1%

cathode
-300 V

Ar:CO,
cathode + mesh
5 mm
resistive strips
mesh _ L oV
pillar —— ‘ IO 128 mm double
550 v anode
? ? ? F ? T

pillars
0.45mm pltch

preseries detector

mechanically floating meshes:
attracted by electrostatic force onto the pillars
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Micromegas Quadrupet Detectors

1 m? resistive strip Micromegas detector
[1%

cathode
-300 V

Ar:CO,
cathode + mesh
5 mm
resistive strips
mesh e v
pillar —— ‘ IO 128 mm double
550 v anode
readout strips
? ? ? ? ? TY -
| pillars
1 0. 45mm pitch
mechanicall

alignmey i i alignment
i

7 hnneyoombf

quadruplet: 5 precise honeycomb panels: 3 cathodes 2 anodes
( 4 active 4 active volumes ( Ar:CO2:isobutane )
MM layers ) 4 micromeshes connected to cathodes
precise mesh frames + precise gas-gap frames
o-ring sealing + screws

floating mesh mounted on the cathode

preseries detector

1 non-precision

coordinate
stereo planes —

precision
coordinate

eta planes

3 precision
coordinates
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ATLAS New Small Wheel: Layout
,, NSW-A 221

precision
coordinate

large 3sTGC 2MM  spacer 2MM 3sTGC
sector quplets quplets frame quplets quplets

.
—___

16 active layers per sector

each sector consists of 16 active layers:
- 8 layers small-strip Thin Gap Chamber
- 8 layers Micromegas ( 4 eta, 4 stereo)

NSW-A | NSW-C: - 2.5 million readout channels
16 sectors in total with 16 active layers each => VMM frontend electronics

8 large sectors
8 small sectors

LM1 Saclay (F)

LM2 Cern, Dubna, Thessaloniki
SM1 INFN (1)

SM2 BMBF (D)



Precision Calibration
and
Quality Assurance
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Planarity Scan of the Surface Using a CMM 2-Axis H Machine

a laser head allows
for a fast scan
t=1.5h @ 7000 dp
t =0.75h @ 3500 dp
dp: data points

planarity measurement of a SM2 readout panel ( MO)




Planarity of Panel RO1 (Stereo)

surface scan 40000 points (reference: average value)

1. side

100

2. side
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Drawn at: 2016-05-09 10:29:22 X-Axis [mm]

counts

Drawn at: 2016-05-09 10:27:34 X-Axis [mm]

thickness @ assembly holes: 11.559+0.032 mm (11.564 design)

2500 E

8 2500
2000 a

— zom r —
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1s00 ¢ 1500 -
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region coverlay region coverlay
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Residual [um] Residual [um]

measurement is exactely as it should be: flat and parallel surfaces! ¢’

Topology [um]
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Precision Calibration Using Cosmic Rays
( Cosmic Ray Facility Garching )

trigger scintillatars

10cm - —

wires MU

e BOS-xA-R2
-

. Micromegas under test
string Ll
| L

wires LM“
; - SH | Pe— 0]

z R —

L trigger scintillators e

Results:

precision direction Y - 2D pulse height distributions

-residuum =Y ¢ - Y eas -

- efficiencies
- precision calibration of strips
- precision calibration of pitch

22



E 600

e

coincidence efficiency

Cosmic Pulse Height and Efficiency Distributions
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track reference position - measured position

Cosmic Ray Facility: Calibration Results -> Database

o
b

residual mean [mm)]
o
—
L8]
T

=
—

m
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(51

100

—e— small board

—— large board

2 carbal hoard, (22 e n ST s s

o &= e
n & (2

residual mean [mm)]

(=]

track reference position — measured position

1. pitch =425 _ pm
! | pitche, = 425.12 ym

L]

pi’zcchmr = ;pitch * ( 1 - relative pitch devif&ution )
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1400 mm "

d
|

large board

results are considered
in the database v
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central board
rotation and bent
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Comparison: Cosmic Deformations with Position Coded RasMasks
( from: Red Alignment System NIKhef (RasNik) )
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ATLAS 2021: Installlng the New Small Wheels

a large Micromegas sector




VMM: ATLAS New Small Wheel Frontend Electronics:

Detector
4—

sTGC
Repeaters Tt T
from
pad D » Pad trigger Big Wheel
DS twin-ax L— L1DDC
— SCA ] e
1/pFeB et 2xGBT ¢
|~ @ 1/sector
strip |48 — J Router [T Taeetor] > Trigger [scax] fibres 3] Sfofgtﬁ:r N
TDS S e | [scal}l fibre | Processor |
3/sFEB 1/layer/sector
sTGC on NSW rim foi‘ﬁg‘,g{‘,f;T
1/sector
fibre 1
MM ADDC  2/iayer/sector / Trigger
1 processor

MM: 8
sTGC strips: 6 or 8

sTGC pad+wire; 2+1

Readout twin-ax
ASIC [N
N I /
1/FEB \ GBTx fibre
Rx-Tx

ASIC Config ==
DCS SCA 1 SCA
L1DDC 2/layer/sector
v E-links G-
ower = i
on twin-ax ration
Front end boards == config/monitor .
= readout + TTC trigger
- trigger monitor
TIC

swROD

detector
monitor

Config

DCS

2 purposes:

- improve ATLAS muon endcap trigger
- provide precision muon tracking:
Ap+/pt <15 % for py > 1 TeV

spatial resolution 150 pm

Trigger:
strip,
time

Position:
strip,
time,

charge

G, lakovidis et a/2023 JINST18 P05012, adapted



On Track Efficiency: 4 layers of 8 layers in 2024

4/8 sTGC 4/8 MM 4/8 MM or sTGC

ATLAS NSW Preliminary ATLAS NSW Preliminary ATLAS NSW Preliminary
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£ > 95% over both NSW surfaces
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2024

N

4 layers of 8 layers

iciency

On Track Eff
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Online Trigger Efficiency: 4 layers of 8 layers in 2024

" ATLAS Preliminary
Data 2023 and 2024, 13.6 TeV
L1 MU14FCH

i -
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Online Trigger Efficiency: 4 layers of 8 layers in 2024

LI'LAS Prelumma
ata 2023 and 2024, 13.6 TeV
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== Tecs
1 - 7deg ~

Spatial Resolution of NSW Micromegas
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Spatial Resolution py-Detection:
using charge weighted mean over responding strips

cathode 0.5<

B ] D
—100 £
= ] ()
04__ ............................................................................................................................ - E
- 1% £ Chargeweighted ,  _ 2iqi X Yi
B . - .t cw —
[EM] 0.3{ s N s ©  position 2 4
B a tTrue
02__ ............................................................... _ 40
B ] 1:CW @® real p position
0.1 - 20 o
B i @® measured p position is distorted
B . by local large energy loss
anode O/ ——(r= 03" "015 02 025 03°
readout-strips Y Y
True cw Y [Cm]
thin ™ == electronic energy loss : PHD F. Vogel (LMU)
detector of muons in 5mm Ar:CO2 figure from R '
many ionisations:
AE =3 * MPV
00 2 4 MH‘W 12 14 i

16 18 20
Charge [ADC Counts]



cathode 0.5<

0.4

0.3

anode 0

readout-strips

Spatial Resolution:
using charge weighted mean over responding strips
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it's physics
It must be correlated !!!



Correlation: Measured Position <-> Measured Timing

Uncorrected

Residual «< Position
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Correlation parameter p4 is depending on n (incident angle)
-> Precise correction over the whole NSW n range

ATL-COM-MUON-2024-078
method developed in PHD B. Flierl LMU
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Cern SPS Testbeam Results:
Spatial Resolution

2m? Micromegas from Series Production
120 GeV p

4 reference
s tracker

uncorrected time-corrected
Charge Weighted Position Charge Weighted Position
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Strongly improved spatial resolution
- Now under implementation in ATLAS ATL-COM-MUON-2024-078




Summary:

- 2 - 3 m* Micromegas work reliably in ATLAS

20 kHz/cm? background-rate tolerated
- spat. resolution of 150 pm observed

of series modules in test beams from 0-30 deg. p incidence angle
- precision calibration and manufactoring successful O(40um)

ATLAS requirements already fulfilled:

- muon tracking efficiency 4/8 close to 1

- online trigger successful:
homogeneous distribution over n (pseudorapidity)
= 20 kHz trigger rate

- spatial resolution will be improved using
cluster-time — cluster-position correlation
better detector alignment
better clustering in analysis
timing calibration

- extensive ageing tests => no ageing expected for HL-LHC
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Outlook:

(Rui de Oliveira)

MRWELL Micromegas

Cathode PCB
Copper 5 pm EEEEEEEEEEEEEEEEEEEEEEEEEEEEENEENNEEDN

E: DLC

Kapton

g’l‘?narﬁ) Kapton . l DLC

kapton 70 pm
50 pm

“
DLC layer (<0.1 pm)
p~10+100 MO/

: + 2 DLC layers without patterns

Pre-preg * =
Rigid PCB }

electrode

L A e L A T I A

.. C‘-’lhttb.'.l‘.‘l."_’l*-‘q-i'!

R L A s
- - X - )

.« 2 DL:C layers connected by plated holes

‘ae B3 - Ay j:... . .‘.
Ky € f tt
-'.'-‘."‘, EE 2 P"!?'_.‘f_,;‘_._.‘_.._;.g-’;‘_b
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LHC: pp induced simultaneous 4 top production (700 GeV)

observation: decay into 2-4 muons
( Moriond 2023 )

1 e blue
2 U red
ATLAS
EXPERIMENT oot ;1105 cash
p detection is relatively easy, being almost free of background 40

in contradiction to the jet reconstruction ( cones)



1. anode panel production

2. cathode panel production and mesh stretching
3. cleaning procedure

4. vertical assembly

5. calibration and quality assurance

41



How to Glue a Flat and Parallel Anode Honeycomb-Panel

glueing
of
anode
and
cathode
panels
is very
similar

LSS
preparational cleaning

oneycomb are placed into the glue

S BN final check

| 10 LEDs
' must burn!
10 * contact
the half-panel is sucked against a stiff the half-panel on the stiff holding structure weights press the alignment washers
and very flat holding structure P=-900 mbar is aligned against the 2 pins on the table against the 2 pins on the table

8 prec. shims => correct thickness of panel



Glueing the Micromesh ( 30/71) onto the Cathode Panel (Wzbg)

floating mesh technique, mesh is mounted on the cathode panel

cleaning of the mesh step 2 glueing Araldite 2011 reinforcements
deionized high pressure water at the positions of the interconnections

distribute Araldite 2011 on the mesh-frames place mesh+transf. frame on top of the
cathode panel

overnight curing of the glue, then cut the mesh along the outside of the mesh frame



Cleaning Before Assembly ( cleaning, cleaning, cleaning ...)

inspection

micro crystal cleaner
micro crystal cleaner NGL cleaning 2" side ro panel
1* side anode panel cathode panel 5




Vertical Assembly of SM2 ModuleO (cleanliness)

1 cathode panel is placed on
the vertical assembly station

2 precision pins are glued
perpendicularly into the
stereo anode panel

full assembly of
cathode - stereo - double cathode - eta - cathode

assembly in a class 5 laminar flow tent
(clean room)

- cleaning by vacuum and static roller is
mandatory on each surface

- 2 precision pins provide the long term
alignment of the 2 anode panels

- the V and the flat shaped fitting pieces
are sitting on 2 precision rails 45



1. anode panel production

2. cathode panel production and mesh stretching
3. cleaning procedure

4. vertical assembly

5. calibration and quality assurance

10cm x 10cm -> 165cm x 125cm

a lot of infrastructure

a lot of learning / brain

a lot of effort

a lot of time

a lot of people, nothing can be done alone
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Assembly of all 4 MM types
SM1, SM2, LM1, LM2
32 Modules Each
In BB5 at Cern
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CERN: Sector Assembly at Bldg. BB5

A 4 - t production street at CERN BB5
i - et 4 assembly stands in parallel
L e S = : + cosmic muon measurement
a0 o - == of a full MM sector
e ' o o '
. RSN T oy considerable amount of
Latlh o : ¥ B— personal power
- oy
a large sector incl. services
without electronics
\ 1




CERN: Wheel Assembly sTGC+MM in Bldg. 191 at CERN

MM sector small

dito the assembly of the wheels

' Nlhlbtr:nl’ dr{d lhdlnml-s: - .?)'

v Nmmberol noby channcle = 3

: Y!-nblr:nl nnl(m Ehmn:'k- f-b ®

. Nhlbtr:nf nnl‘mnl. },h.unil;- Sf.';i
L] ] L]

=]
[=]

RMS [ENC]

0 1000 2000 3000 4000 5000 6000 7000 8000

L R

) .Nrnhzr:nldr{dlhfwh: -:'{J
Numbenol nowy chamnels = 3%
: .'i'!-nb:r:nl nuf o :.'hann;ls- HI}

g onnennge g "

shesssmmsmsmm -
=
N

1000 2000 3000 4000 5000 6000 7000 8000

the assembly of a sector was a huge amount of work

even much more work due to all the unforeseen

huge efforts were made
to bring the noise level
to the degree close to
theoretical expectation,
as shown

v

the noise increases as expected from 0 — 8000 ch due to the increasing readout strip length



Long Term Ageing Tests Ar:CO_:iC H

10

Spare modules irradiated under the ternary gas mixture Ar:CO,:iC,H;,

« 14 TBq '¥/Cs at GIF++ (~10y HL-LHC; no safety factor; ongoing)

« 10 GBg Am-Be neutron source at LMU (2y of irradiation at 3x HL-
LHC equivalent neutron fluxes)

GIF++ irradiation after irradiation

E\E' 0'35._1’_ '| | T T '| T T '[ T I' ‘[ T s 3 1_ .[ . T l T ? T l T l.I T L T [.'I T L T ]
5 E —tns ATLAS Muon System Preliminary : S E (2 )F = = & # 1
O r GIF++ data — ‘O r L} =

=~ o3 —uns o - = 095 o
) E o eges ] o C . ATLAS Muon System Preliminary
= F r GIF++ data 1
8 025 0.9 NSW Micromegas ~ _]
O - B 0® inclination -
= C eak time = 200ns 7
8 02 o p ]
= g 0.851 -
g 015/ C ]
3 - 0.8 —
2 0.1 C ]
< E » - SM1_L1 .
F = = SM1_L2 :
0.05— 0.751 S LS -
r C = SM1_L4 ]
U: = L L | I 1 1 1 L | 1 1 | L 7 D Cooo v o b b v b b o o by

01/07/21 31/12/21 02/07/22 31/12/22 02/07/23 'ZBO 490 500 510 520 530 540

Date HV [V]

Excellent detection efficiency after 10y HL-LHC v
ATL-COM-MUON-2023-044 irradiation equivalent = no aging




spatial resolution [um]

80

70

60

50

40

30

20II

4 standard micromegas: copper strips, 250 um pitch

9x10 cm®  Gassiplex readout (J.Bortfeldt)
cathode
E drift
mesh E_amp ----- . o
spatial resolution BRode moomEe e hit efficiency
1— I
B = L T
: e E.m=42.2kVicm 095 i ;o3 T t ; +
- } v  Eamp=39.1kV/cm 0.9
B + PO
- g 0.8
- } °
- + i %0.755— f
- } } £ 0.7 . E,.,=42.2kV/cm
- l I I 0.65—
o i - C v Emp=39.1kV/cm
[ l T 0.6/ 5
- - data: H6 / CERN July 2011 0.55 data: H6 / CERN July 2011
: ||||||||||||||:||||||||||||||||||||||||||| 0.55|||T||||||||||||||||||||||||||||||||||||||||
02040608 1 12141618 2 2.2 02040608 1 12141618 2 2.2

E gy [KV/Ccm]

E gy [KV/Cm]

spatial resolution 35um @ 160 GeV &, orthogonal beam
to study large structures using 4 micromegas

tracking resolution < 20 um
efficiency > 98 %

@ orthogonal beam, Ar:.CO2 85:15 1 bar

pillars
98.5%
1.5 %
Insens.
area
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Screenprinting of a Resistive Foil ( Univ. Kobe + Matsuda Co. Japan )

screen printing ( industry standard ) screen printed resistive strips on a 50pym thick Kapton foil

Screen is set on
printing machine

resistive strip layout

insulating
coverlay

' pre- )

resistor
inter-
connedcti

d
|

20mm

pillar

horiz. strips, bridges at 20mm



CMS: Compact Muon Solenoid

MUCN CHAMEERS | [ INNER TRACKER | |  CRYSTAL ECAL. |
.-" v -_.-'
' muon chambers

WERY FORWARD
CALORIMETER

Total Weight : 14,500 1.
Overall diameter: 1460 m
Overall length : 2160 m
Magnetic field : 4 Tesla

: . ) . 53
solenoidal magentic field, field return in iron

endcap: @ is precision direction



Triple GEMs
for CMS

F. Sauli, NIM A386 (1997) 531



wn  um o OEM Detector Basics ( Gaseous Electron Multiplier )

Single GEM )
Detector Triple GEM Detector

Driftcathode | J/ | . Gain
\ DRIFT 3mm
Copper GEM| mumsesssssssssss’ ~20
ggptoer: ¢ ‘!;, TRANSFER 1 I 1mm
pp GEM?2 mm EEEEEEEEEN ~20
TRANSFER 2 I 2mm
GEM 3 ~20
’ I Imm
Readout PCB i : : ~8000
Amplifier
TGEM = Triple GEM Detector
05 Multigem gan dscr-arr-g 10_: 'jz'i'q"wl e - ey e Difdl:GS‘DTGJIZMI
1 ™ ST Badhmdnn oF ol NIM A 47§(éo¢z)294 RS s
| [  source
z ' : £ [ ArCO 7030
i -'
4 g o :
5 10° En 10°f :
' I.S'G.EM }
:" ‘
! | TGEM
10° 10 3 i
,5 i
b
10° ! : ! s e :
360 380 400 420 440 520 10° 10° 10° 106
.w ON jACH Gl(:;rc b% Effective gain
das dependen TGEM: @ HV setting f 55
: setting for muons
TGEM: gas gain 5000 — 10000 at moderate HV discharge probability for

background hadrons is low



CMS Forward muon system upgrade

78.6° 73.1 67.7 62.5 57.5° 52.8° 48.4° 44.3° 40.4° 36.8° n e
: : | 1.2 33.5°
 — __Wh.,.z _ o gEe K GEL/L:
@ 3 “14 22 Trigger and reconstruction

" I e i | e 155 < ni <21
. ﬁi—ﬁ ol 1 El EllY  e=s + baseline detector for GEM project
== T 8|~ LE |2 7®7 « one super-chamber spans 10° and

PE— JE—— sl L L eweis made of 2 back-to-back triple-GEM det.
s b , i ; B mes b G- each super-chamber spans 10°

oA //E I 5 Eﬁ EEHE E%iﬁ_ﬁ 2335 o 72 triple-GEM det. per endcap
C e s  d JEEEE 222 e Jong: 120cm x 45/23cm 0.41 m2
" | sucor Lo e i o=« short: 106cm x 42/23cm  0.35m?2

— N\ N ~+0 2 o jnstalled in CMS 2019/ 2020
S 2 3 4 > 6 E 9 10 > oy

Muon trigger and

reconstruction at highestn
each chamber spans 20° .
6 layers of GEM technology

150 kHz/cm2 .
2025 / 2026 .

Trigger and reconstruction

RE 3/1 -RE4/1 :

Trigger and reconstruction

J

1.55 < |n| < 2.5 ¢ 1.8<|n| <24

18 chambers per endcap * 18 chambers per endcap
each chamber covers 20° each chamber spans 20°
2 layers of GEM technology * 1 layer (per station) RPC
183cm x 117/53cm 1.6 m?2 technology

2024 / 2025
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Challenges for Large Area GEM Foils

- exact alignment of the GEM holes on top and on bottom
- proper stretching of the GEM foils
- keeping the active area in a range of 100 cm?2
to minimize the stored energy in the GEM-foil capacitor
to avoid damage after a discharge
=> segmentation of large foils

- simple construction, screwing, no glueing ( takes too long)

all 4 points are well solved !
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1% Success: Production of Large GEM Foils
CERN detector lab + Mecaro (Korean company)

Single-mask
R —
Vacuum deposited copper Copper
& Photo-resist and Masking >
UV exposure and development ey OV +3V

€ copper lecroreeing > _
M\J—I’\/—M connected
, BN N tched
o mmmm MI“‘ > m TOZI:Efeg"‘Zde
Lower voltage

than the
Chemical

Bottom copper etching = reaction
Photo-resist stripping =
Bath at +3V
-everything at ground will be protected
Bottom polyimide etching 2> -everything at +3V will be etched
Holl orv bronsh i - Active corrosion protection

adapting the voltage on the electrodes provides sequential etching
=> perfectly aligned holes on both sides of large GEM foils
considerable reduction in cost v
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2"! Success: “Random Hole” Segmentation of Large GEM Foils

v

S S S8 1 GEM
=" segment
- —10MQ
galvanic separation :
part of the holes affected = A 2. GEM HV
( “random hole” ) 2 - segment
) —] 10 mMe

Holes for
alignment pins

Frame to idie

hold the Foil

Groove for
stretching nut

Holes for screws
which attach foil
to the frames

Dead Area

E HV Sectors
Active Area —

Two closely

[ — separated HV
Sectors

Active area

Dead area

10 MQ resistors for contact of HV

radially segmented
GEM foil of MEO

Boundary between

GE1/1:

100 cm?2 segmentation areas
GEM1+2 segmentation double sided
GEM3 segmentation only on top



3" Success: Simple and Reliable GEM Foil Stretching Mechanism ( GE1/1)

prestretching + frames

3mm frame fitted
with Brass inserts

Brass Insert

3mm Frame showing
Brass inserts and
alignment pins

Alignment
pin

Foil stretched
to table
with tape

ﬂ

- Cutting of

Extra dead

polyamide
area

Placement of nuts Placement of

for foil stretching  piece of
Internal frame

stretching mechanism
Pieceof  Screws to hold i
aframe  the GEM Stack GEM Foil

Stretching ke
Screw

Pull-Out

O-ring
fixed in the
gas frame

Holes for ™
alignment pins

Holes left
without screws
for
Demonstration

-

Drift Board

Pullout post Wather

Gas inlatfoutlet
ide reinforced

Serews and nuts.
185 AZ; 18% chromium + £% nicks)

v

with glass fiber) ‘Through-hole imsart
(mickel-plated brass)

anode
gas frame

gap frames 3mm,1mm,2mm,1mm
cathode

assembled
GE1/1 module

closed using screws

no supporting spacers !
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Challenge for large areas: Response Uniformity

Response uniformity of first
CMS GE1/1

no dead space
novel method of foll
stretching (CMS GE1/1).

Response uniformity within 25%,
just within the specification.
Variations in uniformity at this level
do not negatively impact efficiency.

Height (mm)
- NN W A
o o O
o o O
| I |

mber from serial production
CMS Preliminary
500 -

o
o
|

o
|

—100 =
—300 —
—400 =
_500 3 s | — 0 5
—200 —100 100 200
Wldth (mm)




CMS GE1/1 Performance in CMS After the Installation 2019 / 2020

GEM chambers operated at 690 A

equivalent divider current

The average efficiency is 96.6%

excluding underperforming
chambers.

CMS Preliminary GE-1/1 Layer1  1.83fb™" (1

3.6 TeV)
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Possible explanations for under
performing chambers are
short-circuit in at least one of the
three GEM foils and

suboptimal working point

for some of the chambers.
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Large GE2/1 Triple GEM
Chambers

* dimension of ~2 m2 for second CMS forward muon station

2 layer per chamber
* smaller GE1/1 foil stretching worked without spacers.

for GE2/1 could not avoid internal spacers

~118 cm

active foil area
olhe \ with GEM holes / |~ 46 cm

v

GEM foil
base material

~184 cm

-
Tl
-------
-




CMS GE2/1 H4 Testbeam + Demonstrator in Pointbs

E  CMS Preliminary GE2/ Hatestbeam
H4 testbeam = Ty
-
5 30f ] 0985
Tracking Station 1 % E
2 (2 Triple-GEMs) 5 20 s = 0.96
Scintillator Trigger, 1ol b
4 GEM Tracking Det., 0.94
GE2/1 M5 module, ol i
MEQ module with 0.92
new HV segmentation, 1ol ]
CVP13 readout + P5 DAQ s/w 0.90
20+ i
0.88
30+ i
0.86
| | 1
20 20
Tracking Station2 Extrapolated x (mm)
(2 Triole-GEMs)
CMS Preiiminary : CERN H4 test beam
E T T T T T T T
2 10x10 em? triple-GEM
%,,u. 250 pm strip pitch ’ ]
L Ar-G0s T0%-30% /
% 105 Divider current 740 pA 3
;:.F' o0l M high voltage divider
160 GeV muons
spatial resolution *| 1
v similar to a0} / .
f
10 x 10 cm? o
chambers: .—\
- a0 -y ¥
o =80 pm e — 7
=4
- el | 1
2 3 r 5 6 7 8 g

Cluster size

data in 2023

64



CMS MEO Detector: Rate Capability 150 kHz/cm2

6 active layers, vertical segmentation of GEMs

CE-E CE-H
S Si | Scintillator
Area (m®) AR | 215

Channels (k) 16 | 1939 e
Si modules (Tilkebcards) | 16008 | 8368 (3960

Partial modules 1008 | 1452 -

Weight (1} 23 T

Si-only planes 28 8

Mlixed [Si+5cint) F."].ll"l'h

y
- ‘I
|

= oY

i G

New ngh Granular Calorlmeter (HGCAL) CMS o

simulated hit-rate in CMS

|
2
A
o
L
3
dn
=
on
=
&
=]

3

Highly non-uniform Rate/Sector

=> vertical
segmentation

4 spacers
to prevent
blow-up

= 6-Layer stack of Triple-GEM
» |nstall behind HGCAL (complex environment)

= 18 stacks (20°) for each endcap

Coverage: 2.0 <n < 2.8

.CMS Muon R&D

s | —

3 J‘ FHp ”‘W

compen-
+++++ sation|

ke ot A 'voltage drop

E L ot e i o e ’k“ at 10 MQ

LA

CARS-MIED chatincion prenitrest - Acimattal dinti-sagrenttind GER feils \

F e conkgarabos 20207 s - 2 Mok proleion sl o0 I
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CMS Phase.2 Simuation Frelim 5 for contact of HV . A 1.0
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E 8 oE T 0. T 09
s = £ s O 0%
wg T F head B ) -
) E g § % E O,BBE 2 = 0.3_—
1.85 o % E E ﬁ E
2 3 B 1]
1.80 E 8 i 10 . E E "
QO of
E -10) 52 E," 0.6 L
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E— -20) % |
0.88 - -
_ﬁ -a0| 'g 05_
3 0.56 o
3 _.
x (cm) g B Extrapolated x (mm) 22 0.4:
0.3
0.2"
107"

Particle Flux in MEO Station (MHzfsector}

the desigh seems to be able to cope with the rate ¢



GE1l/1

GE2/1

MEO

Summary GEMs for CMS

performs well
large GEM demonstrator is successful

shows high and homogeneous efficiency
and very good spatial resolution
the spacers proove successful

seems to be able to cope with the
very high backgroundrate of 150 kHz/cm?2
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