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and the RD51 Collaboration
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GEM for CMS upgrade

OUTLINE of the TALK:

> Introduction: Major Micro-Pattern gas Detector Technologies
(GEM, Micromegas, Thick GEM, InGrid, mPIC)

e fg}r);gg(é]z - » Summary of the RD51 - MPGD Technology Highlights

(Large area MPGDs - Support.of HL- HLC Upgrades, R&D (quality
control, long-term-tests), Academia-Industry Matching Event,
Software & Simulation, SRS Electronics, CERN MPGD Production
Facility & Industrialization; RD51 Test Beam Facility, Training)

THGEM for COMPASS | | : .
upgrade Joint Instrumentation Seminar, DESY/Hamburg, September 4, 2015




History of Gaseous Detector Developments
Gas Detector History
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Multi-Wire Proportional Chamber (MWPC)

Gaseous proportional tracking detectors that revolutionized High Energy Physics

‘ 5 Migh-rate MWPC with digital readout: With Fabio Sauli et Jean Claude Santiard
: Spatial resolution is limited to s, ~ s/sqrt(12) ~ 300 um The 1st “Large Wire Chamber”...

3 HH 3 TWO-DIMENSIONAL MWPC READOUT CATHODE
: INDUCED CHARGE (Charpak and Sauli, 1973)

e e

Spatial resolution determined by: Signal / Noise Ratio
Typical i.e. ‘very good’) values: $ ~ 20000 e: noise * 1000
Space resolution < 100 pm

The invention revolutionized
particle detection, which
passed from the manual

to the electronic era.

Georges Charpak
1924 - 2010




Nobel Prize: W, Z - Discovery at UA1/UA2 (1983)

UAT1 used the largest imaging drift Particle trajectories in the CERN-UA1
chamber of its day 3D Wire Chamber
(5.8 m long, 2.3 m in diameter) Discovery of W and Z bosons
C. Rubbia & S. Van der Meer

It can now be seen in the CERN Nobel Prize 1984
Microcosm Exhibition



http://en.wikipedia.org/wiki/Drift_chamber

Gaseous Detectors in LHC Experiments
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Gaseous detectors are still the first choice whenever the large-area

| coverage (e.g. muon systems) with low material budget is required




ALICE Multi-Gap RPC: Timing Resolution

Rigidity (GeV/c)

e Relevant scale in HEP: t ~ L(m)/c ~ o(ns)

B i -
L 1 1 L Ny 5, 2 N 2, 7 o 2 2 ! n aial
Ti=Ty ==(=-=)==(V1+mi/p = V1 +m5p-)= (mj- my)L/ 2cp -
© B‘ B2 © o.8|—
. . ) ALICE Perf:
» Traditional technique: = et Y = 900 Gev (2000 data)
. PR - 0.6 TOF
Scintillator + PMT ~ o (100 psec) 150K channela!
e Breakthrough with a spark discharge in gas oal o =90 ps
— Pestov counter > ALICE MRPC ~ 50psec Y e rnean s eevey
resgiljution [ps]
Multi-Gap Resistive Plate Chamber: Basic Principle 150 |
100 B
J|L Signal electrode Stack of equally-spaced resistive 30
= plates with voltage applied to 1
fat e - SR external surfaces (all internal 60
plates electrically fleating) 40
(-8 kV) Pickup electrodes on external 20
surfaces - ( any movement of
(-6 kV) charge in any gap induces signal o io 17 1> 13 1a
on external pickup strips) Applied Voltage across & gaps [kV]
-4 kV - -
Cix) Internal plates fake o Technology Time resolution
voltage - initially due to
(-2 kV) electrostatics but kept at e Pestov Counter 30-50 ps
correct voltage by flow of
electrons and positive ions - ° ~1_
Anode O V feedback principle that dictates RPC 1-5ns (MIP)
Signal electrode equal gain in all gas gaps ° MultiGap RPC ~50 pS (MIP)
o ; e GEM ~1-2ns (UV)
C. Williams, CERN Detector Seminar ~ 5 ns (MIP)
“ALICE Time of Flight Detectors”:
http://indico.cern.ch/conference * Micromegas ~700 ps (UV)
Display.py?confld=149006 ~2-5ns (MIP)




ALICE Multi-Gap RPC: Timing Resolution

e Relevant scale in HEP: t ~ L(m)/c ~ o(ns)

L1 1

Ti=To ==(g-7)= EL( Vi+mZ/p2 - Y1+ m¥p2)z (m? - mi)L/ 2cp

c B, B,
e Traditional technique:
— Scintillator + PMT ~ o (100 psec)

e Breakthrough with a spark discharge in gas
— Pestov counter - ALICE MRPC ~ 50psec

2

Rigidity (GeV/c)
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— ALICE Performance

= p+p al VJs = 900 GeV (2009 dala)

0.6 TOF
150k channels!
= 90 ps
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momentum p (GevV/c)

resolution [ps]
40

ALICE-TOF has 10 gaps (two stacks of 5 gas gaps); 120 i
each gap is 250 micron wide 100 |
80 |
Cathode p|CkUp #_ &0
electrodes | 7 : a0
Differential 3igna| to : ; ? electrically floating 20
front-end electronics / \ [ il f 0t = 5 5 14
: ; I m Applhed VYoltage across b gaps [kW]
I !l ] -
: ';' 'l w Technology Time resolution
V : 'Y' ? electrically floating e Pestov Counter 30-50 ps
Anode pickup : f!’ .r e RPC ~1-5 ns (MIP)
slectrode J , e MultiGap RPC <50 ps (MIP)
- . e GEM <1-2ns (UV)
C. Williams, CERN Detector Seminar ~ 5 ns (MIP)
“ALICE Time of Flight Detectors”: :
http://indico.cern.ch/conference * Micromegas <700 ps (UV)
Display.py?confld=149006 ~2-5ns (MIP)




(5aseous Detector systems tor the High-Luminosity LAG
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Upgrade Options for H

=
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Upgrade without changing detectors
ATLAS, CMS and LHCB: Largest part of the Muon systems
ALICE: Replace only slectronics for TRD and Muon system
— CMS: New slectronics with better trigger capabilities for DT chambers
— R&D: Run RPC: at lower gaz gain with new low noize electronics

Upgrade by scaling standard geometries

— ATLAS: sMDT (small Muen Drift Tubes) for BME (in LS1) and BIS (in LS2) regions
— ATLAS: sTGCs (small-strip Thin Gap Chambers) for New Small Whesl

— R&D: RPCs with thinner or lower resistivity slectrodes

Upgrade by introducing novel gas detectors
(Micro-Pattern Gas Detectors)

— ATLAS: MicroMegas for New Small Wheel

— ALICE (TPC), CMS (Forward Muon syztem) and LHCbh (Muon system): GEMs=
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DEVELOPMENT OF MICRO-PATTERN
GASEOUS DETECTOR TECHNOLOGIES

' High Rates & enormous occupancy:
T GEM
e 1 ety
ke 1 ‘1~L;\ I Silicon detectors:
£ g X ]
. X
MWPC —~ % Si-strips > Pixel (2D)-> 3D detectors
\ . .
06T 1 & 3D TSV integration
04f |
Micromegas: Gaseous detectors:
70 -100pm 2t ' : :
i H Rate (mm?s™) Wire Chamber 2 Wireless MPGD
— - 0 1 L

(2D) = InGrid/Timepix (3D)

10° 10° 10* 10° 10° 10

I 50-100um

Detector —Electronics Integration - Enabled by Advanced Technologies
(better granularity / high precision / small amount of material)

“* Modern photo-lithography technology = Micro-Pattern Gas Detectors
q < Microelectronics - eg. Silicon pixels
% Bump bonding technology — low capacitance connections

e, . Trade-offs between high-speed, power, S/N, integration, segmentation,
B X388 S 25 radiation tolerance = defined by the state-of-the-art in microelectronics




H |
it | Summary & conclusion

b Fon i v e §
2lst-23rd Christian Lippmann, 2" ECFA High Luminosity LHC Experiments
Workshop, Aix-les-bains, France, October 21-23 (2014)

Geiger- Miiller (1908), 1928 G. Charpak, 1968 R. Santonico, 1980
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... will at HL-LHC be joined by: >
F. Sauli (1997) |. Giomataris et al. (1996)
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Micro-Pattern Gaseous Detector Technologies for Future Physics Projects

MWPC {

» Micromegas Drift Chamber Rate Capability:
MWPC vs MSGC

[N}

> GEM @

Relative gain _,
j:
F

\MSGC

» Thick-GEM, Hole-Type and RETGEM

N

» MPDG with CMOS pixel ASICs (“InGrid”) :
» Micro-Pixel Chamber (uPIC) NS B BT,

Micromegas GEM THGEM MHSP

x-ray Cathode Plane
Cathode Mesh sswsssssseasssnsnsnns t Y
Conversion Gap © ED""

hm MHSP Top

e \ Cathude Strip
e S
ony anode
Tmnsfcr G-ap { ga /I\n Stﬂp
THGEM 2 [i]@ \L—r-_rr—j_-; O: G?éo
Induction Gap MS region Hole reg ion I E

Anode Meshesmannssnnssssnnsnnnns

Cathoda Plane




GEM (Gas Electron Multiplier)

Thin metal-coated polymer foil chemically pierced by a high density of holes

A difference of potentials of ~ 500V is |+
applied between the two GEM electrodes.

€

—>the primary electrons released by the e-
ionizing particle, drift towards the holes @I UG a1 &
where the high glecFric field triggers the P Induction gap
electron multiplication process. 2 =
@y F9 ¢y @ $
ST ST SIS

> Electrons are collected on patterned
readout board.

> A fast signal can be detected on the lower
GEM electrode for triggering or energy
discrimination.

» All readout electrodes are at ground potential.

F. Sauli, Nucl. Instrum. Methods A386(1997)531
E. Sauli, http://www.cern.ch/GDD




MPGD Simulation Tools (Avalanche Simulation in GEM)

Animation of the avalanche process Incoming p* t=0.05ns

(monitor in ns-time electron/ion
drifting and multiplication in GEM): %

electrons are blue, ions are red, the
GEM mesh is orange

« ANSYS: field model
* Magboltz 8.9.6: relevant
cross sections of electron-

matter interactions

e Garfeld++: simulate
electron avalanches

http://cern.ch/garfieldpp/examples/gemgain



http://cern.ch/garfieldpp/examples/gemgain

Gas Electron Multiplier (GEM) . . hspswaecemcon

Full decoupling of amplification stage (GEM)
and readout stage (PCB, anode)

/
1

Driftcathode | -
A Gain
i ! DRIFT 3mm
R4 *
GEM| mumpesssssmmsssn ~20
{0y TRANSFER 1 I!mm
PR AT
- HRRT ~20
GEM2 mmm ..
TRANSFER 2 Fonm
e :':: ’: I ~20
GEM3 m i EE S .
' 'kf:or.l.,r,c*'nox Ia ......
Readout PCB [ : e —| ~8000

2009: NEW: Single mask GEM production technique =
allow to extend GEM foils to ~ m? area

*Double mask *Single mask

_6 *Same base material é_
1996: I < -rovimicecte > T 5009
*Bottom electro etch é- -

*Second Polyimide Etch é- -

eLimited to 40cm x 40cm due to sLimited to 2m x 60cm due to
*Mask precisionand *Base material
alignment *Equipment




MICro MEsh GAseous Structure (MICROMEGAS)

Micromesh Gaseous Chamber:
micromesh supported
by 50-100 um insulating pillars

Multiplication (up to 10° or more)
takes place between the anode and
the mesh and the charge is collected
on the anode (one stage)

.
/U U ., L Ugﬂﬂ L Z_Z
. . /'------- i
Small gap: fast collection of ions i I 7 AP F T F A
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Y. Giomataris et al, NIM A376(1996)29



otandard vs Resistive Micromegas Sparking

Standard MM could not be operated in

neutron beam

HV break-down and currents >
several pA for gains ~ 10002000

Non-resistive MM (Ar:CO, 85:15) Neutron flux =~ 10® Hz/cm?

3r 600
= Current
[ — Hv
25
PR 550
2 - i
1'5: d‘]g -
1k . SRR T E T I
: . EE R P
' 2 [ I R
05 f Stanudard MM I S RO
Foee o S Ve g ne ottt b e 8 sy
0 o . g% g ey f B0 o St s e Sl ne o 400
66000 67000 68000 69000 70000 71000
Time (s)

Since 2010: Resistive Micromeas technology

% Problem was solved by adding a layer of
resistive strips above the readout strips

/

% Spark neutralization/suppression

(sparks still occur but become inoffensive)

MM with resistive strips worked
perfectly well

No HV drops, small spark currents

up to gains of 2 x 104
R11 (Ar:CO,85:15) Neutron flux =~ 108 Hz/cm?
3r 600
25| ]
i 550
< 2t
3 1
c1s5F . . - 500
o Resistive MM ;
S = R11 current
O 1F —Ri1HV ]
i — 450
05 c]
0 o | & it e 400
66000 67000 68000 69000 70000 71000

Time (s)

The resistive-strip protection concept

Embedded resistor Resislive Stnp

Resistance values shown
15-45 MO 5mm long 0.5-5 M{¥em

here are indicative only

GND Copper readoul strip
0.15 mm x 100 mm

/ 0.5-5 MQfem

Copper Strip

Insulator 0.15 mm x 100 mm

HV (V)



« MicroBulk » Micromegas

Readout plane + mesh all in one / -

Kapton50 ym

|, | | | i .\Rmdum‘ pads

Microbulk Technology AnI. Giomataris and R. De | e

) ] ] ‘ Under development
The pillars are constructed by chemical processing of : !
a kapton foil, on which the mesh and the readout plane

are attached. Mesh is a mask for the pillars!
Typical mesh thickness 5 ym, gap 50/25 pm

A microbulk has all the advantages of a bulk micromegas
but with enhanced performance.

Inaddition: uniformity, clean materials, stability
v Energy resolution (down to 10% FWHM @ 6 keV)

v Low intrinsic background & better particle
recognition

v' Low mass detector
v" Very flexible structure

Microbulk radiopurity:
= mostly Cu & Kapton
Measured with HPGe at Canfranc:
»raw material (double clad kapton foil)
»samples from old CAST detectors

5. Cebrian etal., Astropart. Phys 34 (2011)354-359

B2Th
<93 2631139 | 57312438
<4.6" |<3.1" | <108 <7.7" <1.6"
Cu-Kapton-Cu foil | <4.6° | <317 <10.8 <

Results in uBg/cm? 45y

Microbullk

LIS ) ol LR

<139 <3.1°

Kapton-Cu foil

Higher capacity
Fabrication process complicated
Fragility / mesh can not be replaced

7.7 <1.6"

“Level obtained from the Minimum Detectable Activity of the detector
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INSTRUMENTATION FRONTIER:

PIXEL READOUT OF MPGDs -
Ultimate Gas-Silicon Detector Integration

Triple GEM stack + Timepix ASIC (5 GeV e-): _R**
CE

600

200 259 200
L1595
200
150 150 L 590
1150
100 100 585
100
50 50 50 580
50 100 150 200 250 50 100 150 200 250

11.11.2006_20-31-59-880_80ms 11.11.2006_20-31-59-880_80ms




Pixel Readout of MPGDs: “InGrid” Concept

“InGrid” Concept: By means of advanced wafer processing-technology INTEGRATE
MICROMEGAS amplification grid directly on top of CMOS (“Timepix”) ASIC

3D Gaseous Pixel Detector - 2D (pixel dimensions) x 1D (drift time)

ENE B EE
Deposit

50 pm SU(8)

0.8 pm Al grid

i

Development
of SU8
photoresist

Vi e, S Protection Layer (few pm)

* high resistive material against sparks
15 ymaSi:H (~10" Q-cm) " Medipix2 / Timepix ASIC
8 um SixNY (“1014Q'Cm) X688 ZBmm 3 z1 S Sk U X3IBE  S8mm g S




“InGrid’ Technology and “Driving” Developments

2005: Single “InGrid” Production Since 2011: Major Step Forward =
g | InGrid Production on a wafer level (107 chips)

R L R,

B 7, 0 IR
2009: “InGrid” Production on a
3 x 3 Timepix Matrix




Photosensitive Detector: Integrating Ingrid and CMOS readout

Ingrid without Csl

UV absorbed
by the
fingerprint
on the window

w3EE SE M

M. Fransen, RD51 Mini-Week, Sep. 23-25, 2009, WG2 Meeting

jr— 756
I TIMEPIX:
| Ingrid with CsI PC: i
ok
o 2D UV Image v =S NS
% of a 10mm s
diameter mask
1
: 1 ¥ {column number) 256
Chlp area. 14X14mm2 ] ZE7E 53I53 BD:E“B.D?IE+DIII4

(256%256 pixels of 55x55 ym?)



MPGD-Based Gaseous Photomultipliers (GPM)

GEM Gaseous Photomultipliers (GEM+Csl photocathode) to detect single photoelectrons

Semitransparent Reflective
Multi-GEM Gaseous Photomultipliers: Photocathode (PC) Photocathode (PC)
X w2
Qe T ~ Csl ~2500A .
¢ Largely reduc.:ed photon feedback _ | Csi~S00A 2% ‘[
(can operate in pure noble gas & CF,) _> <« > & 4 > @& 2 9 43 r =
% Fast signals [ns] 2 good timing wey g M e g v —
< Excellent localization response = 1 = = == =
< Able to operate at cryogenic T = k. - = &
- 250 Single Photon Time Resolution: Single Photon Position Accuracy:
= 600 . s YaYa WA : . ;
= 200| CFs 3 GEM ] £ <R — ]
100! ] s e
- 51l FWHM ~160 pm
| L Beam ~ 100 pm
ol 100 N
as 55 65 75 e ‘§%& ———
time ("5} 3 Center of gravity (strips)

Micromegas: ¢ ~ 0.7 ns with MIPs

E.Nappi, NIMA471 (2001) 18; T. Meinschad et al, NIM A535 (2004) 324; D.Mormann et al., NIMIA504 (2003) 93



Thick-GEM Multipliers (THGEM)

Simple & Robust 2 Manufactured by standard PCB techniques
of precise drilling in G-10 (and other materials) and Cu etching

STANDARD GEM THGEM
103 GAIN IN SINGLE GEM 105 gain in single-THGE Other groups developed

similar hole-multipliers:

ey S ; g
e . w” - Optimized GEM:

L. Periale et al.,
NIM A478 (2002) 377.

0.1 mm rim | - LEM: P. Jeanneret,
to prevent |- PhD thesis, 2001.

discharges

Double THGEM or THGEM/Micromegas

1,0E407 £

e Effective single-electron detection

1,0E+06 - 106 — /
(high gas gain ~10° (>10°) @ .05 | /
single (double) THGEM) .

¢ Few-ns RMS time resolution £ 106403 - @/’/
oy . O L
¢ Sub-mm position resolution LOE+02 ¢
e 1,0E+01 = —— MM =330 NeCF4 10%
® MHz/mm? rate capability Coevon b MM - 290 NeCF4 5%
. . . ! g DTHGEM NeCF4 10%
° Cryogemc operatlon. OK 1,0€-01 ¢ DTHGEM NeCF4 5'7‘
* Gas: molecular and noble gases LOE-02
0 200 400 600 800 1000

® Pressure: 1Imbar - few bar AV THGEM (V)

C. Azevedo et al.; arXiv: 0909.3191



THGEM Photon Detectors for RICH: Efficiency Evaluation

Photon Detection _ p (Csl) » Photo- ( _Gas ) . Electron Collection
Efficiency current \ Vacuum Efficiency

hi/ / = Single PE
+V—_- . T . -- -- -- . T PE efficiency I -%:' : ’ : EWPCEF collection efﬂciency
B Z S l-Edrift- extraction g = - E]q [i FHeHGEMieies:

into the gas I v = _ Niperu
@-[::I | VS vacuum: W[ l- -T - Eeoll = N
L . mmm— s s sk et = o o - & rof

1.0 . . : . , — . ’ Single THGEM (t = 0.4 mm, d = 0.3 mm, a = 0.7 mm, h = 0.1 mm)
| Atm. pressure : j | £ . T PP B T ]
Gas flow mode _ / . 1.1- g‘:;'ﬂp;:‘qfﬂ‘g;e "221];325 G=10 G=21( ':‘1'3
09 4L : LA ]
E‘ - a AU T 1'{1- ot o * 3 —v ¥ & |
s - BRI R | > 09 ] .
E 08 — = ;- r E 0.8 i T/.f/ il
| - T - : i A iy
L i e E E f‘ | y
’E N T ,/ o 07 : /
3 -"‘ rF —_ |r i r
07 ol — I A/ /
E Y o - ] 0.6 -
ﬁ ‘ F 1 -ﬂ_/‘.‘-‘ E [}5 / Ef ___"ﬂ
T : = — '§ 0.4 / fj | / ® Ne/5% CF4
= - d - Ned10% CF4 D 53] 4 /A ¥ e Ne/5% CH4
I-:ij --#- Ne/5% CF4 o }' = A& Nef10% CF4 ]
—Ah— Ne/10% CH4  __| 0 02 hd 4 Nef10% CH4 |
—8— Ne/5%, CHE 1 & * Nef23% CH4
Arf5%% CH4 . 0.1
T T i T i T D{J T T T T T T T T
1.0 15 20 75 10 200 300 400 500 600 700 800 900 1000
AV
E_ . (kV/cm) moem (V)

Azevedo et al., arXiv:0909.5357


http://arxiv.org/abs/0909.5357

MPGD-Based Cryogenic Avalanche Detectors: Goncept Gallery

Neutron Gamma
He. Ar or Kr Electron avalancha Gas phasa /j) Electron avalanche Gas phase
o
N 1 I
Gaseous Two-phase v N ) A LA I -
mode mode Of—=-f-mmmmmmmmmmmgfee -~
GEM3 Photodetector /‘ GEMs -
=] ' i LXe -
P |
< “E - Csl
z GEM? T N | ~ photocathode
] ! oy s
GEMI T ns ;
' ation sionel | —3 lonization signal —> | + = Scintillaticn signal
= lonization signal Avalanches 1 J Position-sensitive )
Cathode gap  E l AN Liquid . 7 charge detector Liquid phase:
T phase: Cathod ;
—_—— = = - Cathode - yz.‘ He, Ne, Ar, Kr or Xe de ~ He, Ne, Ar, Kr or Xe ot

Xrays A 7 L.Periale et al, IEEE TNS e \
B-particles | ryotat Radiation ryostat Radiation
. ¢ 52 (2005) 927

A.Buzulutskov et al, IEEE TNS 50 (2003) 2491;
A.Bondar et al, NIMA 524 (2004) 130

A.Bondar et al, NIMA :"Ru;’gbi;‘o:":hy;é Contf.
556 (2006) 273 er. 39 (2006) 1

| 1|

- P = Y Headout m;‘jgéme _ SiPMs \./ i/
I I - GEM2 <0 camua > % > o 2mm E=0
g W « Read
E Avalanche A - THGEM? I
2 . n.L 7 v 4.“‘”,, _ ANODE P 2mm LE
] E = ANODE ;
ez RN L E THGEM g THOEM! “WCCE ENEEEENEEEEEEEEEEEEEEE
] = =x 2
= z EUT 'f \(]ﬂ o """'"'"7";’ T LiguidAapor interface 3 LKV é 3 mm I
=1 otocathode . o e
2 W photocathode \ a‘ 'l | ‘ o | - —_ J__ A ~ liquid argon throughout
o =1 En'f i Proportional scimtillations Lz shisiding /{ J— X E  — z
E Z N - ) . ) \\K -+ Iceracrion { ¢-¢ sorizations| I |~ Copper oryastat e LX_L ) — = & mm ," 1E P K Lightfoot et a| J'NST 4
iy " — T =3 ’
E 2 _I_It_‘_l_l_ . Plaske support bas T E | v ied cage 2 1SRV = Cathode == ===~ P .y !
= S E lastic support base. To| | Liquid helum Neutrino =1 o 3] T n A OEE !
Z ) ; 7 I CsI (PHogo-Cathode) 20y jorr L b 20m { (2009) P04002
Cathode [T ———Batom piste a

Radmfm: —_—— te‘ e ’ N.McConkey et al, IPRD
Y.L.Ju et al, Cryogenics 47 M.Gai et al, Eprint A.Bondar et al, 2010, Siena, Italy; Nucl.

A.Buzulutskov, A.Bondar, JINST 3 (2008)
(2007) 81 arxiv:0706.1106 (2007) Phys. B Proc. Suppl. 215
JINST 1 (2006) PO8006 P07001 (2011) 255

PTFE G-APD matrix
IR V' meesae g=h d=h d=h TN
ik P LY ;f Avalanche scintillations in NIR
— T f Shaping rings 4 e |
T 1LXe 11 g
B i I T ENET T THGEMI AVrcens— i
Eaan |4 T ™ Gaseous Ar [ Proportional scintillarions | E
= . e P —
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Micro-Pixel Chamber (uPIC) at Kobe University

p-PIC: micro pixel gas chamber NEW: u-PIC design with resistive

<+ Area: 10x10cm - 30x30cm cathode:

+ Readout pitch :400pum

< Production using PCB technology . Cathode patterns are formed by resistive
material.

Application: X-ray imaging, Gamma camera, and Spark Wl].]. be quenched.

Medical RI tracing « This design provide one promising
possibility of MIP detector under hadronic
background

-HV / i
Drift plane
2mm~lcm
Detection ar¢a
Cathode :filled by gad
(resistive .material}

Insulator

Surface pictures of resistive pPIC:

~ strips

Anode via
(050um)

Signal read
out strips

0/0/00/0|00/o
)/0/0|0/0/0/0/0 |0
2/0/0|0 QHQIOIO

olo|o|e

E-field will be dropped
by spark current.

D000/
joleol0leleee

mmmmmm




Why Micro-Pattern Gaseous Detectors are so aftractive ...

SGEM Gain-r

107

» High Rate Capability : [ GEM|
] - 2x106 Hz/mm2
> High Gain 31.00-——+——— EM- %H——%IF———%——.——.}%—'
Ul e 1|
» High Space Resolution 080 | Vo - 2000V |
Ar—C02 (70-30) :
> GOOd Time R@SOlution el Pulse ;-|eight -_L Current
507 10° 10° 1ln5 10°
. RATE (Hz mm™)
» Good Energy Resolution
o 300 - GEM !
» Excellent Radiation s&i T
Hardness 200 L 6 i~ few ns
: 150
» lon Backflow Reduction -
100
» Photon Feedback S0 | o \‘ |
. {' 1 1 1
Reduction 150 200 250 300 350

One of the recent reviews describing
the progress of the RD51 collaboration:

Modern Physics Letters A

Vol. 28, No. 13 (2013) 1340022 (25 pages)
(©) World Secientific Publishing Company
DOI: 10.1142/S021773231340022°

\‘ World Scientific
www. worldscientific.com
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any | { [Wial 1107 M
3 e - } - Iy Consland LE ]
Ll A0 CF, + 207 |zobuta :I 4 | I..:::I:I"-' B30 | |
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o | Gspace - 15'60 ],lm '
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MICRO-PATTERN GASEOUS DETECTOR TECHNOLOGIES

AND RD51 COLLABORATION

MAXIM TITOV

CEA Saclay, DSM/IRFU/SPP, 91191 Gif sur Yvette, France

mazim.titov@cea. fr

LESZEK ROPELEWSKI

CERN PH, CH-1211, Geneva 23, Switzerland

leszek.ropelewski@cern. ch



MicroMEGAS (CEA Saclay, Y. Giomataris) RD51
GEM (CERN, F. Sauli) collaboration

MSGC (ILL, A. Oed)

LEM (Periale) &
THGEM(Chechik) ¥

InGrid
u-PIC (A. Ochi, T. Tanimori)
Capillary plate (Yamagata U., H. Sakurai)
» Many of the Micro-Pattern Gaseous Detector Technologies were introduced before

the RD51 Collaboration was founded

» With more techniques becoming available (or affordable), new detection concepts
are being introduced and the existing ones are substantially improved



The main objective is to advance MPGD technological development and
associated electronic-readout systems, for applications in basic and applied
research”: http://rd51-public.web.cern.ch/rd51-public

Greenland

Sweden

X z @
¢ Il‘ln'f.'i"l‘.i'..‘i 3 - : '(ﬁ @
Rt o *i8.go
0 =u. ®
@ Al o Mgl o @
A . e e
r@m.\ C ‘ Malays
- ":m . :.,r, L;m’tonqo X ;rl\nlon;snn
'.\.1. MG g3 NnmmmB : ﬂ:"mt""'. e 1ndiai
h F pa,ai!ua,i 2 ;@r\_ - otewana cean ) Aitrelia
; ‘,Hu:' 0:0 Large Scale R&%prog!:am to ud?]&lnce South Afriéa
MPGD Technologiés * More than 80 groups
' * More than 400 people

e National and International Laboratories
* National Institutes and Universities

< Access to the MPGD “know- how”

¢ Foster Industrial Production



http://rd51-public.web.cern.ch/rd51-public

»

>

>

Summary of the RD91 Achievements (2008 — 2013)

Consolidation of the Collaboration and MPGD Community Integration (> 80
institutes, 450 members);

Major progress in MPGD Technologies: Large area GEM (single mask),

Micromegas (resistive) and THGEM; picked up by experiments, including
LHC upgrades;

Secured future of the MPGD Technologies development through the TE MPE
workshop upgrade and FP7 AIDA contribution

Contacts with industry for large volume production; MPGD industrialization
and first industrial runs

Major improvement to the MPGD simulation software framework for small-scale
structures for applications;

Development of common, scalable readout electronics (SRS); many

developers and > 50 user groups; Production (PRISMA company and availability
through CERN store); Industrialization (re-design of SRS in ATCA in EISYS)

Infrastructure for common RD51 test beam and facilities (> 20 user groups);



Future RD51 Collaboration Activities (beyond 2013)
Large Area Detectors .

Assembly Optimization

RD51 Common Projets
Generic R&D, QA
Long Term Stability

Y —
£

Software Tools

MPGD < : RD51 | 5> and
P — Simulations
3 WGA:

WG3/NEW WG:

v
e Conferences / Schools
* Academia-Industry

Matching Events CERN MPGD

Workshop,
Quality Control
RD51 Common and
Test Beam and Lab Industrialization

Facilities



MPGD Technologies for Energy Frontier (HL-LHC, LC)

ATLAS

CMS

TOTEM
LHCb

ALICE TPC (GEM)

Linear TPC(MM,GEM,
Collider InGrid)

Micromegas Micromegas
Backing-HE GEM GEM
(GEM, MM)
GEM GEM
GEM
DHCAL(MM,
GEM, THGEM)

CMS GEM:
Trapezoidal GEM Prototype (99 x 45-22 cm?2)




WGH: Examples of GERN/LHC Upgrades ('large achievement for MPGD community”)

ALICE (GEM)

CBF optimized configuration (2) CBF optimized configuration (7)

Satisfactory parfarmance could not be achieved
with 3 GEM stack

+ Bust rosits in terms of 1BF sevd smergy
resalution:

Prototype beam tests: PID

- 4GEM IROC protatype tests: dEids
resshaion messuremants st CERN PS

f wommor |

- cebent o By ressbution: - 10%

= Parformance squsl 1o sxisting
MWRC ROCs

ATLAS NSW (Micromegas)

* Inthe Darrel Region the ATLAS um\p‘ ctrameter is
realived by RPC and MIDT detectoes, whale in the Fnd Cap
Regrons CSC, MDT and TGC detectors muud

+ The Small Wheel (Innermost Endcap Muson Station) i the
regaon with ighest hackground rates im the present
\ll AS Muon Spectrometer

+ The present systens is bsed on Cathiode Stng Chambers
{053, Manitored Drefl Tubes (MITsh and TUC for
particle tracking

o Located between endeap cabo

precision tracker of the
NEW {required spatial resolution 100gm).

MicroMegas Technolugy for the ATLAS NSW Upgrade Resolution studies

spansl informtion AT
rapidly decreameg foe Larger track snghes l :
Uisiny time information (i TPC ) 1 s
il Sormance v wih chnter s
st e with e oo panct s laced on he il —
o bl very large chambers wsing standand ICIY v - <

nv\i\!mhmn ‘the MEW will npernie in 8 magneric field of & magminude up 1 shou
3T with differenn arientations with respect i the chamber plancs but a siable component

2 magnetic fic e on the deec clor operation has been studicd with test beam
.l.u.w»d ...... lations

Tt drift drecticen of the wonzation
T B

kel " on =
The 1t ol

sizable shifl (fx) of the veconmeussed. |
1 position -

Extremely wide performance analysis program ongoirsg since 2008 in order wo fldly
characterize the Micromegas Iunh(

mesh BInSpArency messurements
® Irradianon 1es1s | 1, ex. newtron ) for apeing and edimion bardness sidies

LHC Upgrades: Original R&D efforts emerged from RD51 activities.
Today: production phase under the project effort, access to RD51 facilities (laboratory, test beam,
workshops) and tools (simulation, electronics,...) to facilitate this particular phase



WGH: Examples of GERN/LHC Upgrades ('large achievement for MPGD community”)

COMPASS RICH-1 (THGEM+MM)
CMS (GEM)

RICH-1 at COMPASS experiment, CERN

" The CMS GEM project [0 Mothation
OO N T A A Y cm<2is Enlargement of the COMPASS
= T T i THES _.hn.ru(im;mm e
" W S - 2 meed s humbers g
E__h:-— b T xf;«m‘mrdf
— - = to-back tinple-CEM detectors
—— % Will guarantoe high irigger

© o peformance during late Phase | and
throsghout Pharse 11

*  lestallstion LS2 (2018-19)

MED

* Muon tagger ut haghest n 5
. 20<y<35 b - Ilw‘ﬁwmp«
= 6 Imwes o Tiple Gt *  Irotallation: 1S3 {2022-24)

* ench chamber spans 20
s nstallatwon. L83 (2022-24)

R&D: 6 generations of triple-GEMs

A L aa Mg o Abvwnd Dotmctons.

i
E

Aging studies
dmith '“1""':;"_'::‘"'1“‘ i Iirndetiot oG CUY: Performance in Beam & FE Electronics Large Area THGEMs
- 100 ke % few kirkem? | ;:I T Thickness Distrietion | | 7

12 mont

Do Bt Tirs itribusion of Feants
S i B £ - MAMIT e wiis| | Cherenkow Ring | | B 3l

T PRI e e -
| (i b

i
3
Fi o el

C
. B | materials i contact with g
+ (hutgmssing o SWRC- 1010 cm? iple-GEM
+ Chomatograph o ideetify mpufities | I —
¥ ok B

+ Vison Oureng - O
* Polyurethase Cellpack : 0% |- Py
* Polyurethane Nuvovere: Ok

LHC Upgrades: Original R&D efforts emerged from RD51 activities.
Today: production phase under the project effort, access to RD51 facilities (laboratory, test beam,
workshops) and tools (simulation, electronics,...) to facilitate this particular phase



Resistive Micromegas Performace: Resolution vs Track Angle

Using charge amplitude (Centroid hit)
Spatial resolution rapidly decreases for inclined
tracks if the cluster centroid (e.g., charge weighting)
is used; small strip pitch does not help

Using time information (TPC segment)
Measuring the arrival time of the signals opens a new

dimension; in this case the MM functions like a TPC
=> Track vectors/plane for inclined tracks

y(mm)

~uTPC Angle = 30.3 deg 7

Time (ns)

4 o

il >

Hl d
[ /

> N L
X (mm) x(mm)
Spatial resolution vs magnetic field:
Resglution (-10 deg. data) Resolution (10 deg. data)
ﬁ A | = -§. | |
E - -.'. :n'l:-d ) - .E _ O ommis
i 8 ) Es] o
£ i ra E o~
=5 — -'\-\._ o - | =1
LR AN | ¥ e
g 1 .\:r T T T 3 & T T T
0.0 az ol as 0.8 1.0 0.4 0.2 o4 0 0.8 10
|B| (T} [B] (T)

Combination of centroid & TPC =

spatial resolution < 100 um independently

of track incident angle !

[e))
o
o

Resolution [um]

[¢)]
o
(=)

400

300

200

10

Single Plane Spatial Resolution

—®— uTPC (with correction)

—¥— Centroid

—©— Combination (with correction)

J. Wotschack

407

0

5 10 15 20 25 30

40

45

Incident Angle [°]
< >
Range of track angles in NSW



Micromegas for ATLAS NSW: Full Sector Mechanical Profotype (CERN)

-

Test of segmented FR4 skin glueing
with different stiffeners

Will serve for deformation studies

Stress and deflection test

J. Wotschack



GEM Technology: From GE 1/1 to GE1/1-v6 Prototypes

2013

2012 2014/2015
L3 3 3 3 . L) >
GenerationI Generation II Generation III'  Generation IV Generation V Generation VI
The first Im-class First large detector The first sans-spacer First detector with Nearly final CMS Latest detector
detector ever built with 24 readout sectors  detector, but with the ~ complete mechanical  design: stretching design; to be
but still with spacer  (3x8) and 3/1/2/1 gaps outer frame still assembly; no more apparatus that isnow installed in CMS.
ribs and only 8 but still with spacers glued to the drift. gluing parts totally inside gas Optimized final
sectors total. and all glued. together! volume. Ongoing dimensions for max.
Ref.: 2010 IEEE (also Ref.: 2011 IEEE. Also Ref.: 2012 IEEE N14- test beam campaign acceptance and final
RD51-Note-2010-005) RD51-Note-2011-013. 137. MPGD 2013; for final eta segmentation.
and IEEE2013. performance Ongoing test beam
measurements. campaign for DAQ
Chemical : . .
Polyimide *  GEM foil production uses single mask technology
atching for wet etching
E:,':'.:f;mhing — Dramatically reduces foil production costs
and allows large sizes to be manufactured
Stripping
Secomd * NS2 assembly technique developed
Polyimide
etching — Construction time reduced from week(s) to

Result two hours per chamber



Consolidation of existing structures: Cylindrical MPGDs as an example

KLOE2 Inner Tracker

5 independent tracking layers 15 to 25 cm

from IP to improve vertex reconstruction A= Read-out

O,y = 200 pm and o; = 500 um spatial
resolutions with XV strips-pads readout

BRd

Cylindrical Triple GEM

CLAS12 TEAM AT SACLAY

Aune, J. Giraud, R. Granelii. C. Lahonde-Hamdoun, |.
. O. Meunier, S. Procureur, M. Rigllet, J-Y Rousse, F. Sabatle,

700 mm active length

1.5% X, total radiation length in the active
region with Carbon Fiber supports

) 300 ¥ 352mm prototype with Std GEM Sanode
has been assembled and tested P

MINOS: coupling a H, target to a TPC+Tracker+Si Det.
TPC: (X,Y) et Z (drift time)

CGEM detector for BESIII

3 layers CGEM

190 eny®

~3000 pads |,y Serweskon Hacks
e (e

T sy e
.
Three active layers

Active area
~ L1length 532 mm
~ L2 length: 630 mm
~ L3 length: 847 mm
Inner radius: 78 mm
Quter radius: 178 mm

beam-pipe
=160

Tracker

Requirements

+ Rate capability: ~10* Hzlcm? v _,
+ Spatial resolution: s, =~100pm : s,=~1mm -
+ Momentum resolution:: s,/P, =~0.5% @1Ge' ,’ .’_":'.’.."'\

! T Anode T
+ Efficiency=~98% LR \\\ o
+  Material budget <= 1.5% all layers 2 : N
. g 4 R e T et | resolution < 3 mm FWHM, efficiency > 85% ]

Coverage: 93% 4m \ /.-\ GEM1

+ Operation duration~ 5 years imm Cathode

v Validated by GEANT4 sil

o, =

E. Oliveri

R Farinelli CGEM-IT RD51 mini-week meeting - CERN -




MPGD Readout for the Time Projection Chamber at the ILC/CLIC

MPGDs are foreseen as TPC readout for ILC
or CLIC (size of endcaps of ~ 10 m?):

» Standard “pad readout” (I1x 6 mm?): 8 rows of
det. modules (17x23 cm?2); 240 modules per endcap

» “Pixel readout” (55x 55um?): ~100-120 chips
per module — 25000-30000 per endcap

— ILCTPC with MPGD-Readout:

Back ds i
CL?EZ %;(él?e;ulir;es (spatial resolution <100 pm @ 5T)

very small pixels

(< 1x1 mm?) > Laser-etched GEMs 100um thick (‘Asian

iy GEMs")
100100 pm? pixels » Wet-etched triple GEMs

> Resistive MM with dispersive anode

CLIC TPC
Simulation
(M. Killenberg

» GEM + pixel readout
» InGrid (integrated Micromegas grid with
pixel readout)



MPGD-based “Pad Readout” for ILC TPC

Efforts to improve the modules design for all technologies. Several test beams campaigns:

LPTPC
O o T00mm

L~ gl0mm g

S

» 7 Micromegas modules with 2-phase C02 cooling

With beam and laser dots:
.~ UV laser gererates MIP tracks
& illuminate calibration spots

ILD TMC
i~ F600 mm
| L~ 4000 mm
SFLIR o 43727¢

B,

2013-12-03114:24:03/e=1.00

2 .h-l?-
- 'qf'-,

MM (B=0): After correction
(note — different scale)

Goal for final TPC can be reached:

MM (B=0): Before correction

GEM / MM performance similar oy
—_ — — — e = i
S | B=1T 1 & = 0.05 1 —z,=154
£ o0.1s5f Preliminary P = 0.05¢ 5
[ S— | . - | e—- = + 1 —z,=104
& o = =
© X oo™ -~ = 5= 0 i 2,=203
0.1 [ H ~IH e — : [ [
I H '_H L _9_ .9 I Al z,=252
i - —e=— Asian GEM, 1.2x5.4 mm?® E 5 -0.05 : [ .
0.05 N —e— DESY GEM, 1.26x5.85 mm® | &2 R - ’
© O 1 —z,=401
MicroMegas, 3x7 mm? 0.1
| | | 1

200

400
drift distance [mm)]

row radius [mm]

1300 1400 1500 1600 1700
row radius [mm]



MPGD-based “Pixel Readout” for ILC TP@

LARGE AREA: 160 InGrid detector setup

- 3 modules: 1 x 96 InGrid, 2 x 24 InGrids
- Readout 5 SRS FECs

By design:

« Singe electron detection

« Time-of-arrival measurement

« High granularity; Uniform gas gain

Module with
96 InGrids
on 12 ,, octoboards”

M. Lupberger

| “Hp endplate with 3 modules

Preliminary data analysis:
o Track reconstruction

— straight and curved tracks
— = 3000 hits per 50 cm track

« Physics properties of the TPC

— field distortions; reliability

— dE/dx resolution;delta identification
— single point resolution

— momentum measurement




COMPASS RICH | Upgrade: Long-Term Experience, Performance

s UPGRADE OF COMPASS RICH [
» MPGD-Photon Detectors are the best option

> Micromegas +THGEM, the hybrid architecture
structure, is one of the most advanced scheme:

s COMPASS RICH I:

» 1999-2000: 8 MWPC with Csl (RD26 @ CERN)

y E. Tessarotto | g
e

MWPC'’s + Csl

UV mirror
wall

radiator
gas: C4F
v

beam pipe

PMT’s

After a long-term fight for increasing electrical stability
at high rates: robust operation is not possible at gain~10°
because of photon feedback, space charge & sparks

PD Absolute GAIN

/7

B o gainRu1998.1.dat .
8 okl g , ® beam off: stable
e gaifRu2001.1.dat N 1
109+ gaRuz001 2datnestt_ o operation up to > 2300 V
% beam on: stable operation
possible only up to ~2000 V

* gainRu2001.3.dat

remove and insert frames with
MAPMTs and lense telescopes

1600 1800 2000 2200 2400 2600

Voltage

PMTs not adequate = only small demagnification
factor allowed; 5 m? of PMTs not affordable.

% 2006: 4 central Csl+cathodes:

In(counts)

- N w B~ wn o ~
™ TTT ] T [T IR [ TT T T

S E g~ 30KViem

Mean  -4.238e-13%1.378e-13

P N
0 02 04 06 08

1

R WA
AV =1575V
Egix =0 Vicm
Gain ~108
. IBF ~ 4%
12 crln1a'r4gel(c‘)mJ

Higher performance reached with the MM + THGEM
architecture (than multiple-THGEM structures)



LEM (THGEM) Technology for Double Phase Ar-TPC
Giant Liquid Argon Charge Imaging ExpeRiment

GLACIER (hep-ph/0402110) is a proposed giant liquid argon multi-purpose next-generation
underground neufrino observatory at the 100 kton scale.

Chageressostpone e Double-phase Ar LEM TPC
o the TPC

2D anode
U &Cerenkoy
lightreadoot e S e T e R e e .\=
photosenscrs ;E: SRR S e S e e LEM
Catheds [-HY) extraction
grids

active LAr
volume

cathode

Light
readout

produced by CERN TS/DEM group & ELTOS company (1)



WG2: Generic R&D, Examples of New |deas, Applications

Calorimetry with MPGD:

E Resistive Micromegas for Sampling Calorj

M. Chefdeville®, Y. Karyotakis (IN2P3/LAPP, Annecy), T. Geralis (Demokritos, Athens), M. Ti

Calonmetry at iuwre collider will be based on Particle Flow (PF)

- highly segmented calorimeters (small pads, many layers)
Micromegas meets most of the technical and performance requirem
...but sparking might result from dense shower ionisation (e.g. nucle
- spark suppression by means of resistive coatings

What resistive coating? Embedded resistor
Allows charge evacuation from top-to-bottom Rpad -
- no lateral charge dispersion Insulator r= =

READOUT BOARD

RC-constant controlled with embedded R-pattern

- maintain calorimeter imaging capability

Star, 400 kQ, 1= 40 ps Mirror, 4 MQ, 1= 0.4 ms Snake, 40 MQ, 1=4 ms

12

Green dot = R-pad contact, biue dot = RO-pad contact

Resistive Material:

Other MPGD development using
carbon sputtering

» Resistive pu-PIC
New version using carbon sputtering
is being tested

» Resistive GEM
The resistive electrodes are made by
very thin (50 - 300nm) material
- It will improve the signal gain
We have just made it, and it}
tested now.

+ (Sclenergy + Raytech)

=~ carbon
Substrate
- 100pm
A, Dchd, KUBEC Warkshop  201478/29 »

Fast Timing: New Materials (Glass GEM):

MicroMegas based:

(initial tests March/April 2015)
Ne-Ethane(10%)-200 micron drift+50micron Micro Bulk

|...,..m.................|*

Charged particle.

eryesl

Amplification
(Factor ~10%)

pomos axode,

zSOphe_r=

preamplification

=50phe_ B

36 picosecond rms on first try!!

ay
Chamber ,
<- o e o \-\, =

The Latest Results of Crystalized Glass GEM, Y.
Mitsuia, RD51 miniweek (GDD/RD51 lab)

Neutrons Detection:

B-GEM TPC

In the Lab

HiAmBe source
neutron moderated with PE

=70/30 & Ar/i-C,H,,=90/10 gas mixtures Over l'::;l"'_'f""'f
and characterized by measuring the gas gain; rate capability and discharge in current :J,; S5 ID:]H 2

mode.

‘_i[lum thick Cu strips
1 stop the &L

-  Resolution evaluated
I from the sharpe edge |

AN
Q0317 - 0000835
T
1184500788

L 10 M0 i,
- AMELL 100 WD Ar1AEN,
100 150 200 250 300 350 400 450

AV (V]

M. Poli Lener u-RWELL DETECTOR 10

European Spallation Source (ESS)



WG2: Generic R&D,

Examples of New |deas

FAST-TIMING MPGDs on MM concept:

Primary ionization: photoelectrons

¥ Cherenkov light produced by charged particles crossing a MgF; crystal

¥ Photoelectrons extracted from a photocathede (CsI)
=2 Simultanecus & well localized ionization of the gas

Reflective mode Semitransparent mode

Charged pariicle

it thomas Papaevargelou 157 R

MicroMegas
(initial tests March/April
Ne-Ethane(10%)-200 micron drift+50micron Micro Bulk

=

Charped paricle

[ T = i PO ]

36 picosecond rms on first try!!
-

Chamber
<

Convert single-photoelectron time jitter
of a few hundred picoseconds into an incident-
particle timing response of the order of 50 ps

Study of charge-transfer properties through
graphene for gas detector applications:

The measurements

lon Transparency (%)

The idea

Build a suspended Graphene layer without defects
transparent to the drifting electrons and opaque to ions
eliminating the ion back-flow in gaseous detectors

[, Gathode e
i

Graphene I,
Uncovered metal mesh g Metal mesh with Graphene

o VA1 4

It can also be used as protective layer (e.g. photocathodes)
and to enhance secondary electron emission from materials

Three layers one on top the other
1004

s0f, Uncovered mesh Single Graphene layer:

6] 5{ . dominated by defects

a0 s Triple Graphene layer:

2t anhene i ..fF:““‘ imnsparency ion transparency drastically
olfEtiy 5. B3 : reduced, but also electrons
o : o W do not tunnel easily

EvdEoy
Solutions:

1) increase the energy of the electrons,

i.e. different gases, larger fields (GEM holes)

2) improve the procedure to transfer the Graphene
on the metal mesh to avoid ruptures of the layer



WG2: Generic R&D, Tracking/Calorimetry Applications

RESISTIVE MICROMEGAS: Resistive layers are known to quench sparks at early stage
> “Horizontal” evacuation of charge = might be too slow for large areas
> Segmented R-layer to limit physical crosstalk

Optimisation; Work by LAPP Annecy, NCSR Demokritos , Univesrity of Athens, CEA IRFU
- reduce resistivit .
SISHVILY Star Mirror Snake
and evacuation time -
but still suppress sparking e T = - -
- - -

— “Vertical” evacuation ¢ s * - -
of charge using buried

. Leff — O0.13 cm Leff — 1.3 < L— 13 cm
resistors, proposed R(100 k/sq) — 400 kOhm R(100 k/sq) — 4 Mohm R (100 k/sq) — 40 MOhm

R(1 k/sq) — 4 kOhm R(1 k/sq) — 40 kOhm R (1 k/sq) — 400 kOhm

by Rui de Oliveira

0.2pF cupcdtyf_r_igm adfo E:I IE

Pod : 150um x
M. Chefdeville, T. Geralis

— Ongoing program:

Vary the RC, measure

the linearity (rate &

dE/dx scans), Real R1 values: ]
check sparking 400 -750 KOhms Real R1 values:

with 100KQ/Sq 4 MOhms with 100K€)/Sq 40 MOhms With 100K€)/Sq



WG2: R&D Continuation - Quality Control

Electrical rigidity
Hole diameter uniformity in GEM
Gap uniformity in MicroMegas

THGEM thickness uniformity

Final detector calibration and
characterization protocols and
infrastructure

ahort axis {;m)

Fitted ellipse axis histogram
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’ MFC viewer

Need two FECs and
B 24 APVs to scan the
entire prototype.

Pulse from the bottom
of the last GEM

MiniX

area (um?)

Latency
Nbof APVs
Internal rate
Veto

Trigger type
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Mesh current [nA]
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WG2: Radiation Hardness Studies - Long Term Stability

Portable gas monitoring
system for detector stability

o o studies d : =CAY
Radiation hardness and activation of detector - to be used by LHCb and DI '

components CMS upgrade for the
muon system

Classical gas detectors ageing detector

Sustainability to neutrons and heavily ionizing
particles induced discharges

Exposure to X-Ray, Gamma, Neutron and
Alpha Sources

huttérjwith "
Fe-55 sgurces 2 SWPC In-line In-line
{not shiown) R CyEen i Pressure
| . M sensor [ sensar
On-Detector @ In-line Temperature

Pressure sensor humidity ~ and humidity
sensar sensors

Monitoring infrastructy

Discharge studies of the triple GEM detector
exposed to the low energy neutron flux

0.0 ; Beam:QFF.
N AT |
Py oz~ R
-2.0x10° G '
h G=9*10"
" Mesh current 700 .
Non exposed detector gain (R17b) -4.0x10 G=1.8*10"
Ground connectors removed 1 600
J E -6.0x10°
1500 7 g
g - . G=3"10"
® | 5 O _gox10
8 ® .8 ® o 400
KRN, @ T Q e Distance from source = 23 cm |
] < -1.0x107 4 & 2
300 ‘2 | | Neutron Flux = 2.28*10° Hz/em® | | M
‘©
1200 © -1.2x107 =510’
Acumulated charge : 918 mC in 21.3 effective days. f
1 100 -1.4x107 i
0 1000 2000 3000 4000 5000

400 1 L L L L 1 1 L L 1 1 0 T|me (S)
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WG3: RD51 Academia - Industry Matching Events

Platform: Research + industry + potential users to foster collaboration on dedicated applications
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WG3: RD51 Academia - Industry

Matching Events: Neutrons & MPGDs
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Gabriele Croci (IFP-CNR & INFN)

Fast and slow neutron beam monitoring
The low detection efficiency is not an issue

Mainframe Projects

‘Baam monitor for Chiplr @
1515 and ESS

c tor (TER

Doutaricm Boam {100 Kev)
1

b H
Deuterium beam diagnastic
[Nuclear Fusion)

CASCADE: N+1 GEMs perpendicular to the

Caing
. e e e o2

neutron trajectories.

N GEMSs are used to support the 108 converter
i and to transmit the electrons (amplification
gain = 1) to the last GEM which amplifies the
slignal (gain = 10-100),

2D localization + acceptable detection

Operational si

2 mic

o @=

o Cufs

o Cufbu
Anode segmel
Windows:

o Aluminizs
Gas mixture: Ar +

Fast preamplifier

efficiency (at least for UCN)

thGEM and G-GEM Hiroyuki Takahashi (Tokyo Univ.)
Glass GEM (Hoya PEG3 photo
Etchable Glass)
no outgasing < 3He compatible

Advantages: self-supported

Tam  280pm
— e

R. Adams (ETH, Zurich)

Cold Neutron

* Substrate: 145 mm x 145 mm

+ Effective area: 100 mm x
100mm

= Thickness: 680pm
(300~1000pm|

(" nGEM (fast neutrons GEM) prototypes )

5 Prototypes of nGEM have been built and tested so far with Gas
Mixture Ar/CO, & Ar/CO,/CF, -

« 1 wAnalogue» Prototype (nGEM-5-1)
100 & active area
Cathode: Aluminium (40 pm) + Pol
The protatype has confi
required by the C}
* 25m:

- 5um Cu).
ce detectors,
radiopurity.

MicroMegas Eric Berthoumieux (CEA/IRFU)

Paul Colas (CEA Saclay)

Application: fast neutrons
neutronography (to see hydrocarbons
through metal or glass)

Gerardo Claps (INFN — LNF)

Boron coated on aluminium blades

GEM and th-GEM in Comb
geometry

10 detectors

Robert Adams (ETH, Zurich]

Kpplication: Fast neutron dete:
komagraphy

polyethylene
-
a
egas,
ated anode, sampled at 20 ns,
AL,O, :
des with 1°B,C
path of the neutron inside the
er efficiency when detector is inclined A
' Neutron beam from
reactor at
Plastic Scintillator Institute for Energy

h 2 extra layers.

o

2 Anode padsisrips connected through 1 extra layer.

s 4x4x8cm¥;

* seintillating fibres 260 pm;

* 160 squared fibres per layer;
® 520 layers;

aE
7 5 2
28146
00023 3620 « A low mass microbulk with real X structure Geralls, RDS1 Common Fund Project
EAR2 ;
: e B 1) No extra la‘yn::h
£ / 9 0T 17H
‘.:— L \ 5 00012 19.52 2) Production simplification
el esn
& (i Mt Gl 2nd Sl Wik omeuton Dot vith MPGDa F;‘“ o anode'strips \ strips.

]

» Triple GEM

”'#2: M.Marafini i

Technology Norway

A large Community - Strong interaction with RD51
Use of MPGD Detector R&D, tools and electronics (RD51 SRS & ATLAS NSW VMM)



WG3: RD51 Collaboration & International Schools

RD51 Organized Events: The vitality of the MPGD community
:fM&Micmmegasdetector(fes:ign.&:i%lsirrﬁly training: Lecture Session - Practical sessions MPGD assembly I‘eSideS ln the relatlvely large number

Monday, 16 February 2009 from 08:00 o 20:00 (Eur

9 cern

h'r.tu:f.a’mdicu.cern.h’EVEnt'SUPBT’ _—.:-- " | .' l { /i . i £ il 1 . Of young SCientiStS
- ' ey sl =i - educational events constitute an
important activity.

51 Simulation School MPGD Simlﬂation

RD51 MPGD Lectures:
MPGD students lectures (1 week) at the

International Workshop on Advance
PO e e Detectors & RD51 CM in Kolkata

International
\-'\"'(.1|‘|<:~11(JIJ on f {dvanced DeteCtOI'S [¥yAD
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Spin off is important key word for the HEP labs to survive ...

Cosmic Ray Muon Tomography T2DM2: Temporal Tomography
Using GEMs for Homeland security Densitometric by the Measure of Muons

Incoming muons (p*) (from natural cosmi

a Measurements on samples of small scales or large sizes

The mechanical parameters
are unknown to a mass scale:

i ?
P i Effective stress
. o =a & Friction effective?
L scattering
scattering angle | g angle! Damag 97
Moo g T s Empirical methods
detector layers for J— ‘:"‘.‘ e ?
tracking muons ~1 cm‘ ..7«,,!. ...... - .6. Te ChnOIOgy Measure
Main idea: Multiple Coulomb scattering l:frl’!{_n“““;- Mechanical parametel's (ng:::?f:::tj::;rlzr::rr;t?:r:hf];gf:urn:ss}
is basically proportional to Z, so we can |  better than 100 ym S in smallscale . :

use it to discriminate materials by Z

¥ + AT
spatial resolution possible |/ Readoul electronics

ty

GPM

. = Technology
~ LXe
- e Us —
P

43¢ y-ray

s é FEE :::(i::ialti

Liquid xenon detectors for functional CsI-RETGEM for UV

medical imaging flame detection

® Applications area will benefit from the technological developments developed by the RD51
% The responsibility for the completion of the application projects lies with the institutes themselves




WG4: MPGD Simulation Tools

» Focus on providing techniques for calculating electron transport in small-scale structures
» The main difference with traditional gas-based detectors is that the electrode scale
(~ 10 pm) is comparable to the collision mean free path

Microscopic Tracking (Development and Maintenance of Garfield++):
Garfield++ is a collection of classes for the detailed simulation of small-scale detectors.

Garfield++ contains:

- electron and photon transport using cross sections provided by Magboltz

- ionisation processes in gases, provided by Heed and MIP

- ionisation and electron transport in semi-conductors

- field calculations from finite elements, boundary elements, analytic methods

Simulation Improvements:

- Transport:

- ion mobility and diffusion, measurement and modelling

- Magboltz cross sections (Ar, Xe, He, Ne; GeH,, SiH,, C,H,F, ) are frequently E%
updated in collaboration with LXCAT (http://www.Ixcat.laplace.univ-tlse.fr) I XS,

- e-ion recombination process in Xe

- thermal motion

- Photons:

- update in UV emission

- inclusion of IR production

- photon trapping and resulting excitation transport

- photon absorption in the gas (gas feedback)

- photon absorption in and electron emission from walls (feedback)
- photo cathodes



http://www.lxcat.laplace.univ-tlse.fr/

WG4: MPGD Strong Simulation Efforts in Very Specific Needs

Applications:
» GEM: multiplication process and polyimide properties; charging up effects
» MicroMegas: timing and effects of resistive layers;
- ATLAS NSW upgrade: study of electron losses in MM with different mesh specifications

@ 120%
e
3
°
-E 100% * * PEEE R i T B “”"-?_.
.-:—" | P A 3 *
P K 3 -
5 15 25 da T L
_E 80% T e e
o - N '
&= w4 "
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40% O
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oow
20% ‘\
60-18 (Sim) ----45-18 (Sim) :
+ 60-18, 0.01% 02 (Exp) + 45-18, 0.08% O2 (Exp)
00%
10 100 1000  E_Drift [V/cm]

» TPC GEM: ion backflow
- ALICE TPC upgrade: rate dependence of the Ion Back Flow in GEM

3?'0* E
ey = A
=] E
e
ﬁw
10—1:_ ....... .
1 — E
— : [ | @ d=0.5 mm
- (Bem. drift 10% £ @ d=1 mm
~ e wi/o Filter E . .
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“ wi Cu 107 d=10 mm
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WG4: GEM Charging-Up Efflects Simulation

Electric Field Intensity during | |E| [kV/em] in log scale

the charging-up process: Q-0 Correia 0x10” primary &

University of Aveiro, 2012 VGEM=200V

each iteration correspond to
the number of primary
electrons that already reached
to the hole

50

4.6

Z [um]
o

« ANSYS: field model

* Magboltz 9.0.1: relevant
cross sections of electron-
matter interactions

e Garfeld++: simulate

lect lanch -
electron avalanches ‘IODO 50 100

y [um]

Charging effects are much smaller after (100 — 150) *10° avalanches
- GEM gas gain stabilizes



WG5: Ti
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Scalable readout architecture: from ~ 100 channels up to very large LHC systems (> 100 k ch.)
Project specific part (ASIC) + common acquisition hardware and software

Physical Overview of SRS: S R S ot Syten
eb. 201@
» Scalability from small to large system |
» Common interface for replacing the chip
frontend
> Integration of proven and commercial
solutions for a minimum of development

FOn
t::::: 2 oot

» Default availability of a very robus

Fard (ADC) Scalable Readout Unit PC with
Supported DAQ software Dd Frontend ‘. For multiplexing of DAQ slow control soft.
(K, concentrator card event data + analysis framework

DTC link =~

ﬁ'bl; el ADC frontend adapter

ﬁ L : for APV and Beetle chips

ADC plugs into FEC to
make a 6U readout unit for
up to 2048 channels

s N
T TS, S0

Frontend hybrids:
based on

APV25, VEAT, Beetle,
VMMXx and Timepix
chips

Gb Eth

FEC cards (common):
Virtex-5 FPGA, Gb-
Ethernet, DDR buffer, NIM
and LVDS pulse I/O, High
speed Interface connectors
to frontend adapter cards




WGs: The RDs1 Scalable Readout System (SRs) for MPGD st
SRS & APV25 FE chip FOINEA® | SRS: Different Sys e e
e ' SRS for R&D on _D’etectors

Worldwide use in the RD51 community (>2000 hybrids)
SRS+SiPM (NEXT TPC)

Scalable Readout System (SRS)

SRS for experiments (ATCA)

LHC experiments: from detector to counting room
DETECTOR DETECTOR- FRAME Cavern  Counting room
r<sm

Scalable Readout System
Status Feb. 2018

SRS+T|mep|x (LC TPC) Bonn/Desy

SRS for spatially distributed

UMI-128 hybrid . Baseline solution for system(optital SRS)
e EE e RD51 SRS community. . Optical SRS for distributed systems

Interest and support
from ESS (European
Spallation Source) and
ALICE FOCAL

ndico.cern.ch/event/356113/session/6/contribution/29/material/slides/1.pdf



http://indico.cern.ch/event/356113/session/6/contribution/29/material/slides/1.pdf

WG6: MPGD Technology & Production @ CERN

Interesting Workshop Overview Capabilities

PH-DT Micro-Pattern Technologies
workshop
‘s A 4 & I

| Raata

A A A &
LS I L

https://indico.cern.ch/event/352483/

*SBS tracker GEM 600mm x 500mm
*ALICE TPC upgrade GEM 600mm x 400mm
¢CMS muon GEM 1.2m x 450mm
*ATLAS NSW muon Micromegas 2m x 1m
*COMPASS pixel Micromegas GEM & Micromegas 500mm x 500mm
*BESIII GEM 600mm x 400mm
*KLOE GEM 700mm x 400mm
*SOLID GEM 1.1m x 400mm
*CLAS 12 Micromegas 500mm x 500mm
*LSBB (geoscience) Micromegas 1m x 500mm
*Prad GEM 1.5m x 55cm
*CBM GEM 1m x 450mm
*ASACUSA Micromegas
MPGD Projects....
*Most of them are still at the R&D phase but some are already in production:
¢ ATLAS NSW 1300 m2
*SBS Tracker 100 GEMs
*ALICE TPC upgrade 350 GEMs
*COMPASS pixel Micromegas 20 GEM + Micromegas
*BESIII 15 GEM
*CLAS 12 30 Micromegas
*CMS 450 GEM

=l Resist stripper
Copper etcher
R Dryer

: GEM electro etch limited to Im = 2m

Construction of the new
workshop’s building;:

Start : beginning 2012
End: end 2017

New Capabilities....

UV exposure unit limited to 2m x 0.6m
= 22mx1.4m

Resist developer limited to 0.6m width = 1.2m

fi

installation of the new infrastructure (to fabricate 2x1m?

Bulk MM & 2x0.5m? GEM) COMPLETED

CERN Building 107
Basis of Design


https://indico.cern.ch/event/352483/

WG6: MPGD Technology Industrialization o I

Technology Industrialization = transfer “know-how” from CERN workshop to industrial partners

GEM Technology (contacts): GEM Licenses signed by: MicroMegas Technology(contacts):
v" Mecharonics, 21/05/2013
» Mecharonix (Korea, Seoul) : TECH'EtCh' 06/03/2013 » ELTOS S.p.A. (Italy)
> Tech-ETCH (USA, Boston) ’ China IAE, 10/01/2012 > TRIANGLE LABS(USA, Nevada)
> Scienergy (Japan, Tokyo) y SciEnergy, 06/04/2009 > SOMACIS (Italy, Castelfidarco)
> TECHTRA (Poland, Wroclaw Techtra, 09/02/2009 > ELVIA (France, CHOLET)
v CDT, 25/08/2008
v

THGEM Technology (contacts):

> ELTOSS.p.A. (Italy),
» PRINT ELECTRONICS

\'

GEM Industrialization Status (June 2015): Micromegas Industrialization Status (June 2015):
TECH-ETCH ELVIA

* Single Mask process fully understood. Many 10cm x 10cm produced * Bulk Micromegas detectors are routinely produced with sizes up to
and characterized. 50cm x 50 cm.

* 40cm x 40cm QEM successfully produced * Contract for ATLAS NSW module-0 signed

* CMS GE1/1 size of Im x 0.5m started *Tendering process for full production ongoing

TECHTRA ELTOS

* Production Line Operational * Many small size bulk Micromegas detectors have been produced.

* Stable process for 10cm x 10cm * Contract for ATLAS NSW module-0 signed
* Single Mask process completely understood — 10cm x 10cm produced *Tendering process for full production ongoing

*30cm x30cm Single Mask Produced
ATLAS NSW upgrade = will first detector mass-

MECHARONICS produced in industry
* 10cm x 10cm double mask produced and tested . 1 hioh laritv Mi .
* 30cm x 30cm double mask under evaluation @ CERN using a large high-granularity Micromegas:

«CMS GE1/1 size of 1m x 0.5m started det. area ~1300 m2 divided into 2 m x 0.5 m2 units



WGT: PH-GDD Laboratory ... Laboratory available for RD51 Collaboration

Y1

pe . 11 y =

Permanent installations (Today): ALICE, ATLAS, ESS
CMS moved roughly two years ago to TIFF, access to the lab for specific measurements
More than 15/20 groups per year coming to perform measurements
Technical support
Clean Rooms Mechanical and Electronic Workshop MPGD Detectors
Gas system and services
Readout electronics (std and
custom RD51 SRS&APV)
Radioactive Sources
Interface with CERN services
(RP, gas, metrology, irradiation
facilities, ...)




WGT7:Semi-Permanent Test Beam Inirastructure in the SPS line

Three periods of two
weeks each per year
About fifteen-twenty
users per year
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2008-2015: ~ 40 RD51 groups participated (2015 test Beam: May-June, July, October)




IWAD Confe rence & 4TH INTERNATIONAL CONFERENCE ON MICRO PATTERN GASEOUS DETECTORS - MPGD2015 - TRIESTE, 12-15 OCTOBER 2015
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RD51 and the Rise of Micro-Pattern Gas Detectors

A fundamental boost is offered by RD51:
from isolate MPGD developers to a world-
wide net

Pontificia Universidade Catolica de Sao Paulo

ade de Coimbra
- Karisruhe Institute of Technology

Weizmann Institute of Science

£cole Superieure de P Iiv ’e Chimie Industrielles de la Ville de Paris
&ER

Marshall Space Flight Center SQREQ NUCL RES CTR

ational Aeronautics & Space Administration (NASA)
entre National de la Recherche Scientifique (CNRS)

Vrije University of Brussels
University Libre Brussels

A combined map of organizations working
with MPGDs built with collaboration-spotting
software developed at CERN
—> huge growth in interest in the MPGD
technologies

Collaboration Spotting Software:
http://collspotting.web.cern.ch/)

Map: RD51
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Organisations:

Clusters:
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Detector R&D

CERN Courler  Octeber 2018

Detector R&D

CERN Courier, October 2015
RD51 and the rise of micro-pattern gas detectors

[a§ i i et LEM Fig.1.The seven working groups of RD31, with illustrations of
Since its foundeation, the RDST collaboration WSO A s st i Jjust afew examples of the different kinds of work involved. Tap

has provided important stimulus for the
development of MPGDs.

Improvements in detector technology often come from capitaliz-
ing on industrial progress. Over the past two decades, advances in
photolithography. microelectronics and printed circuits have opened
the way for the production of micro-structured gas-amplification
devices. By 2008, interest in the development and use of the novel
micro-pattern gaseous detector (MPGD) technologies led 1o the
establishment at CERN of the RD31 collaboration. Originally cre-
ated for a five-year rerm, RDS1 was later prolonged for another five
years beyond 2013, While many of the MPGD rechnologies were
introduced before RD31 was founded (figure 1), with more rech-
niques becoming available or affordable, new detecti prs are

still being introduced, and existing ones are substantially improved.

COMPASS RICH

left: the 20-vear pre-history of RD31. (Image credits: RDS1
Collaboration.)

i o integrated read-out of a gaseous detector (InGrid). Using this
mein: innt approach, MPGD -based detectors can reach the level of integra

CMS largee GEM

THGEM

ATLAS NEW resistive Micromegas

WG1 Technological Aspects
and Development of New

CERN GO kaboratory

WGT Common Test Facilities

tion, compactness and resolving power typical of solid-state pixel
deviees. For applications requiring imaging detectors with large-
area coverage and moderate sparial resolution (e.g. ring-imaging
Cherenkov (RICH) counters), coarser macro-parterned structures
offer an interesting economic solution with relatively low mass
and easy construction — thanks to the intrinsic robustness of the
PCB elecrrodes. Such detectors are the thick GEM (THGEM),
large electron mulriplier (LEM), patterned resistive thick GEM
(RETGEM) and the resistive-plate WELL (RPWELL)

RD51 and its working groups
The main objective of RD31 1s to advance the technological devel

I the late 1980s, the development of the micro-strip gas cham- Defoctne Shictires opment and application of MPGDs. While a number of activities
ber (MSGC) created great interest because of its intrinsic rate- have emerged related to the LHC upgrade, most importantly, RD31
capability, which was orders of magnitude higher than in wire serves as an access point o MPGD “know-how™ for the world-
chambers, and its position resolurion of a few tens of micrometres wide community - a platform for sharing informarion, results and
atparricle fluxes exceeding about 1 MHz/mm?. Developed for pro- WE2 Detector Physics WG Production experience — and optimizes the cost of Ré&D through the sharing

jeets at high-luminosity colliders, MSGCs promised o fill a gap
berween the high-performance but expensive solid-state deteetors,
and cheap but rate-limired tradirional wire chambers. However,
detailed studies of their long-term behaviour ar high rates and in
hadron beams revealed rwo possible weaknesses of the MSGC
technology: the formarion of deposits on the electrodes, affect-
ing gain and performance (“ageing effects”), and spark induced
damage o electrodes in the presence of highly ionizing particles.

These initial ideas have since led to more robust MPGD strue-
tures, in general using modern photolithographic processes on thin
insulating supports. In particular, ease of manufacturing, opera-
rional stabiliry and superior performances for charged-particle
rracking, muon detecrion and triggering have given rise to two
main designs: the gas elecrron-multiplier (GEM) and micro-mesh
gaseous structure (Micromegas). By using a pirch size of a few hun-
dred micrometres, both devices exhibit intrinsic high-rate capa-
bility (> 1 MHz/mm?), excellent spatial and muli-track resolution
(around 30 wm and 500 um, respectively), and time resolution for
single photoelectrons in the sub-nanosecond range.

Coupling the microelectronics industry and advanced PCBE
technology has been important for the development of gas detee-
tors with increasingly smaller pitch size. Anelegant example is the
use of a CMOS pixel ASIC, assembled directly below the GEM
or Micromegas amplification structure. Modern “wafer post-
processing technology” allows for the integration of a Micromegas
grid directly on rop of a Medipix or Timepix chip, thus forming

1

academia-industy makching event

and Performance

WG3 Applications, Tralning
and Dissemination

Garfield simulation of GEM
avalanche

~_R.—

and Industrialization

WG5 MPGD-Related
Electronics

WG4 Modelling of Physics
Processes and Software Tools

mesh modelling of ATLAS NSW

scalable read-out system

of resources and the creation of common projects and infrasrruc-
rure. All parmers are already pursuing either basic- or applicarion-
oriented R&D involving MPGD concepts. Figure 1 shows the
organization of seven Working Groups (WG) that cover all of the
relevant aspects of MPGD-related R&D.

WCI Technological Aspects and Development of New Derector
Structures. The objectives of WG are to improve the performance
of existing detector structures, optimize fabrication methods, and
develop new multiplier geometries and technigues. One of the
most prominent activities is the development of large-arca GEM,
Micromegas and THGEM detectors. Only one decade ago, the
largest MPGDs were around 40 x 40 em?, limited by existing rools
and marerials. A big step towards the industrial manufacturing of
MPGDs with a size around a square metre came with new fabrica-
rion methods — the single-mask GEM, “bulk”™ Micromegas and the
novel Micromegas construction scheme with a “floating mesh™.
While in the “bulk” Micromegas, the metallic mesh is integrated
into the PCB read-out. In the larter case, the mesh is integrated in
the pane] containing drift electrodes and placed on pillars when the
chamber is closed. The single-mask GEM technique overcomes the
cumbersome practice of alignment of two masks between top and
bottom films, which limits the achievable lateral size to 50 cm. This
technology. together with the novel “self-strerching rechnique” for
assembling GEMs without glue and spacers, simplifies the fabri-
cation process to such an extent that, especially for large-volume
production, the cost per unit area drops by orders of magnitude. |

2




Gaseous Tracking: Detector-Electronics Integration Trends
Wire Chambers, TPC, RPC - MPGD (GEM, Micromegas) = InGrid (3D)
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Instead of Outlook ... MPGD Performance Summary

MPGD Characteristics Gas Electron Micromegas/
Multipliers (GEM) Resistive MM
» Active areas
(Size of single detector module) / ~1x0.5m? ~2x1m?
Large Scale Industrial Production yes yes

» Radiation Hardness

>10 HL-LHC years

» High-Rate Capability

» Spatial resolution

c
o o (single layer)
ang. dep.: unTPC
99% 98%
95-98% 95-98%

~4-5ns (MIP) & CF,
how to improve (?)

3-5ns (MIP) & CF,
how to improve (?)
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