


1988: MICRO-STRIP GAS COUNTER (MSGC()

THIN METAL STRIPS ON GLASS SUBSTRATE

LIGHT AND COMPACT DETECTOR CONSTRUCTION

| DRIFT
3 " /“’ s A
R ”,/ ,’/
‘ ; ‘,."‘/,@"
Vs J | ! % .." / 4
“‘,'_" " ,\‘»...." £ oo
—_—— C————
CATHODE
SUBSTRATE
BACK.-PLANE
A. Oed,

Nucl. Instr. and Meth. A263(1988)351

RATE CAPABILITY ~ 1 MHz/mm?
POSITION ACCURACY ~40 um
2-TRACK RESOLUTION ~ 500 pum J. Bohm et al, Nucl. Instr. and Meth. A360(1995)34

HERA-B MSGC INNER TRACKER ~ 200 MSGC 20x20 mm?
CMS CENTRAL TRACKER ~ 5500 MSGC
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MSGC: DISCHARGE PROBLEMS

MILD OR SERIOUS
DISCHARGE PROBLEMS!

HERA-B MSGC INNER TRACKER

50 sparks/min% * : ]
P ) e 1
E E 5
¥
o S T |
A.“.&[;"JS-
. relative gain | S. Keller et al, Nucl. Instr. and Meth. A419(1998)382
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~ 1990 TO PRESENT: NEW DEVELOPMENTS

MICRO-GROOVE || | COMP]

MICROMEGAS

athode

,} Drift plane

Orift plane
[ 4+ MHCRO-GAP ° ‘ =
- - 0 1000 2000 74
(‘¢ ) Metal 1 % ()
," | o - \  {catrode)

N7/ MICRYSYIRE

Smm :
N

| & ’ P \\ node strips

.. ) P oa Pillar
# ngg_EI&{RAY‘)‘ Y. Giomataris,
) ,/’{ ... ....‘ Nucl. Instr: and Meth. A419(1998)239
Dat @

o] D
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1978: THE MULTISTEP CHAMBER (MSC)

UV PHOTONS DETECTION (RICH): MWPC WITH PHOTOSENSITIVE GAS (TEA)

MULTISTEP CHAMBER

A ATATA'Y

: 9

PREAMPLIFICATION
GAIN 10°

9

TRANSFER
10%

il

MWPC
GAIN 10°

o
(2]

TOTAL GAIN 107

SINGLE ELECTRON DETECTION
SIMULATED CHERENKOV RING
(COLLIMATED UV SOURCE)

E605 RICH

G. Charpak and F. Sauli, Phys. Lett. 78B(1978)723

Fabio Sauli
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~ 1995 : uVIAS DEVELOPMENT

POLYIMIDE ETCHING:

CONTACTS THROUGH FLEXIBLE PRINTED CIRCUITS
Angelo Gandi and Rui De Oliveira

CERN’s Printed Circuit Workshop (EST-DEM)
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1996: MSC+uVIAS => GEM

THE GAS ELECTRON MULTIPLIER (GEM):
100 um PITCH HOLES ON COPPER-CLAD POLYIMIDE FOIL

PRESENTED AT:
IEEE Nuclear Science Symposium & Medical

Imaging Conference
Anaheim, CA November 3-9, 1996

F. Sauli, Nucl. Instr. and Meth. A386(1997)531

Fabio Sauli 20 YEARS OF GEM DETECTORS  CERN 21 October 2016



GEM MANUFACTURING

“STANDARD” GEM

DOUBLE MASK PHOTOLITHOGRAPHY

sopm [
Kapton - P——————
Spm Cu o e e e—
Photoresist DOUBLE CONICAL
coating, masking ; “HOURGLASS”

and exposure to
UV light

Metal etching “
Kapton etching - . - _l

Metal etching . - . _l
and cleaning
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TWO-STEP DETECTOR

MSGC WITH GEM PREAMPLIFIER

COMBINED GAIN CURVES
' MSGC+GEM Gain
Ar-CO_70-30
10°F E =35kvem’ i
) - :
GEM :
A |/
= -y
] 370
i 3:3/
MSGC :
] /O
107, 100 200 300 200 500 600 700

R. Bouclier et al, Nucl. Instr. and Meth. A396(1997)50
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HERA-B MSGC+GEM

3mm

. TV arala’,,
.

2.8 mm

CERN’s Printed Circuit Workshop (EST—DEM)
~200 GEM@EFOILS, Zﬂx&cm | : SMHz interaction rate
f«‘ - N :-—-[(\ @ —5 —
s e
5 -
BT | =
i [ |

| |
| Ll L ..

415 420 425 4 435 440 445 430 4ss
GEM voltage [ V]

Bagaturia et al,
Nucl. Instr. and Meth. A490(2002)223
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MPGD DISCHARGE STUDIES
GASEOUS o SOURCE: ?3?Th -> 2*?Rn+a. (6.4 MeV) AE ~500keV ~ 10*eI*

THORIUM MICROMEGAS:

) — c;a E Micromegas gain-gisch QUAD
\ 10° v 0.02

MICROMEGAS

£ | AriCH_ 90-10 o =
MPGD /—— 8 410 0.0153
GEM: 3
104 Gan-Vgem-aipha 8IS A AR ';:
10* 0.01 &
2 HEE ~3000 GAIN:
I LT T T | Q Y % - DISCHARGE 0.005
®10° 2 . |! PROBABILITY
(3, 0.03 ® -
= ° @ E ,/
° A o .
@ sertADAE | o 10° i 0
T DISCHARGE P 0340 360 380 400 420 440 460 480
PROBABILITY ! 0,02 = Vv
' : V)
10° : - .
I
7
. :. Ul
. /
E(/ Q~104103=107eI"
»
10! - s RAETHER LIMIT
400 450 500 Av e (V) 550
GEMC

A. Bressan et al.Nucl. Instr. and Meth. A424(1999)321
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MULTI-GEM STRUCTURES

DOUBLE GEM - HIGHER GAINS
Vo * : « REDUCED ION BACKFLOW
g | s - LOWER DISCHARGE PROBABILITY
16 multigem gain-disch
AV s ‘>=|:l:l=l:é=:u:=|:|:|::::|:m o w
Vip® - E .
l E . ’M’L r! d 6 '- : :-
AV e \= CE-T-E-T-T- - L s : : -
Vv : - =
-~ F Induction [ i ’ : ~
10° - 1 ; . 10° S
- DRIFT 10 5 " ":
/ SINGLE GEM T
Fy, DRFT ' =
“=amasscescasseesasssssss oy .| | | | 7T
o By TRANSER} 10 10
B S 0SE0S0000808EEEEEE S OEN2 360 380 400 420 440 460 480 500 520
' T En TRANSRER? A\W(V)
. S e0000C0003200000000000EM3 v GEM
P By INDUCTION
e e READOU
BOARD

S. Bachmann et al, Nucl. Instr. and Meth. A 443(1999)464
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DISCHARGE STUDIES - ALICE GEM TPC

220Rn INTERNAL a SOURCE TRIPLE GEM
2 10'E e
2 B 4
g iy
e ! o
Q10'2 I i3 :
—u 1 g Joooy §e g
% = : : -
L | ; iy ;
8 ; f: P -
s 3 | T
— 1 b . :
- | I LET fas?
_NO ! -
DISCHARGES | Wkt
1 ... ..id.
- I e I
- . 2 5
B 1 -9 : . : :
10° = S (A R o TUM-3GEM, A-CO, (70:90)
- ; : o— TUM-3GEM, Ar-CO, (90-10)
- : .| —e— TUM-3GEM, Ne-CO_-N, (80-10-5)
i ; 1 l »  TUM-3GEM, Ne-CO, (90-10)
10.6 l i ! ! 1 1 1
10 3 104 10° gaiko“

P. Gasik RD51Coll. Meeting (CERN 2016)
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BACK TO MULTIGEM DISCHARGES

DISCHARGE PROBABILITY ON ~ MeV a IN MULTI-GEMs, THE CHARGE SPREADS
5107 Disch S-D-TGEM ArCO2 BY DIFFUSION OVER MANY HOLES!
) Coll. a sourcl- ' ' Driftcathode H1"
[ Ar-CO_ 70-30 ;’ DRIFT
410-3'1-‘.(|uall.\\", | ] GEM | ---#-.-----------
z : - Q..]()‘ [, IRANSFER 1
E]: ’ i Q~lUQ GEM 2w oot o o o - - -
310°F { ) AL mansrnc
g , ? GEM 3 -q'"?’q-ﬁf----------
[/ Q~ 10 :" ',/ ‘y'," 'i.“.‘lv.uiﬂ TION
~ 2107 ] - - | Readout PCI /H"" w—— — —
= . { . : .
O : Double GEM Triple GEM :
E P B S ! | 4-GEM SIMULATION (ALICE TPC)
‘I ; \
E " ‘:' %\
of o4 | o | GEM1(S) 4
10° 10° 10° 10° 10°
EFFECTIVE GAIN GEM2(LP

WHAT ABOUT THE RAETHER LIMIT?

VERY LARGE GAINS OBSERVED IN PURE NOBLE GASES
CHARGE CONFINEMENT: HOLES ARE (QUASI) INDEPENDENT

GEM3(LP)

GEM4(S)
A. Buzulutskov et al, Nucl. Instr. and Meth. A433(1999)471
P. Bhattacharya, MPGD Workshop (Trieste 2015)

Fabio Sauli 20 YEARS OF GEM DETECTORS  CERN 21 October 2016



HYBRID DETECTORS

GEM +MICROMEGAS AVALANCHES SIMULATION
GEM+MICROMEGAS
GEM
MICROMEGAS 1 GeV n BEAM
8090
P i ,
" VGEM=280V T g
> | : / /'
= [ A4 »4;@
=R [ b E— 5 Al e =at=- 10 -
aal ['; L7141 7|1
< r = ] A '—.*‘/‘/ .
R s i R '
r 7 : : / LONVersion
% 5 ,;/ SN . I‘//l—‘ )08 2 primary electrons "’"‘» ;;,3
E’DJ w‘,L----/-/—‘-'- --------- ;’f“‘ """"" 105 r‘ . GEM foil
Eé E,'%: ‘ PN 2
% F J /// i A - e g : Transfor gap
2 ‘ ’ I MM+GEM 1 mm | ‘
Q 10.’%‘ // + i . - '&"‘ s Micromegas
E ’ i . N4M+c5[M 2 mm } “ﬁ i « readout -
b ) ’ P :
L A F 1 Tl L y Y
10° 10 GAIN
S. Procureur et al, Nucl. Instr. and Meth. A659(2011)91 M. Vandenbroucke, JINST 7(2012)C05014
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DISCHARGE STUDIES - ALICE GEM TPC
DISCHARGE PROPAGATION: LAST GEM TO ANODE

SECTORS POWERING: STANDARD DISCHARGE PROPAGATION PROBABAILITY: )
Yy BV, B 1 favgeasy 00 00 O OneEmew @
S—— - 4 g 3
CEM HVy -§ a c® - “standard” :
—Enp 806 FO- fipped’ & P :
FLIPPED: 504 E fipped standard ;
2
GEM:::::::ﬁV}{V 302 E 0 :
EIND B e 0 : by
3000 3500 4000 4500 5000 5500 6000 6500 7000
DISCHARGE PROPAGATION DELAY: Ewo (Viem)
- 70
2 AV, = 403 V "
s 33
E ® - “standard’ c3
‘é’ 50 - “flipped i 2 E
= 40 ® L3
& Il /] §S§
S 30 ¢ 55
S 20 o flipped . standard 18 E
“~ 4
’ o, |Bi

O AAAAAAA.‘AAAAAAAA.AJ’,AA-AJAA.AA;-.AA.;A

3000 3500 4000 4500 S000 S500 6000 6500 7000
Enp (Viem)

-

ALICE

P. Gasik RD51Coll. Meeting (CERN 2016)
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SINGLE GEM X-RAY DETECTOR

2-DIMENSIONAL CARTESIAN STRIPS READOUT 6 keV RADIOGRAPHY

Y-COORDINATE

¢ HIGH PROPORTIONAL GAINS

 FAST ELECTRON SIGNAL

e READOUT PLANE AT GROUND POTENTIAL
 PATTERNED AT WILL

A. Bressan et al,
Nucl. Instr. and Meth. A425(1999)254
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MAIN GEM PERFORMANCES: MIPS

LOCALIZATION ACCURACY
s Q SINGLE GEM RATE CAPABILITY
DOUBLE GEM  Ar-CO, = 120 . v .
L S
Counts o ~40 um 5 S |
200 |- X i : 4
: < 100 fmmpmti— —HH—H— -
~ - H
L § > . GBEMsMsGe | : ) 2
I < = z AV ey =467V 1 MHz'mm? 33
100 |- o= < 080 v - 2000V — i -I ST
s S = oy i I < 9
s N ‘:: e Ar-( ()._u 0-30) 1 8 V;
: \ % E 0,70 | : % %
o bl ot N o) L &3 . ! %LLE
-500 0 500 LS | . Pulse Height § Current ! ~N E
Accuracy (pm) ‘11 2 . l uisc Heigh >;< {
TIME RESOLUTION: LHCB MUON TRIGGER 10° 10’ ‘["' T 10’ 16° 10°
: ‘ RATE (s mm )
500 = TRIPLE GEM A-CO,-CF, RADIATION RESISTANCE 20 C/cm?
S o — 3 ~ 4104 MIPS c¢cm?
£ 5 400 -~ f o~4.5ns 3 !
R C L A RyTaaSeTRStearstenagtaesastena s tennany,
= $ :
=S 300 ¢ o0, Ar/CO,/CF.m80/20/20 .
KB — 8 '
~ i = I
L . -
2 s r £ 0 25 5 75 10 125 15 175 20 225 28
S ﬁ 100 r 2 Integroted Charge (C/cm?)
S
g § L : ") N 1 ‘ |
350 400 450 500 550 M. Alfonsi et al, Nucl. Instr. and Meth. A518(2004)106
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TRIPLE GEMs FOR COMPASS TRACKER

Honeycomb
plates

Readout
board

2mm TRANSIR 2 4
Zmm NDOCTON

C. Altumbas et al,
Nucl. Instr. and Meth. A490(2002)177

L. Ropelewski
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N

1x1 mm? PIXELS AND STRIPS

|
¥

M. Krdamer et al, 2008 IEEE Nucl. Sci. Symp. Conf. Rec.
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TOTEM TRIPLE GEM FORWARD CMS TRACKER

TEN-GEM TOTEM FORWARD SECTOR

M. G. Bagliesi et al, Nucl. Instr. and Meth. A617(2010)134
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CYLINDRICAL GEMS

TRIPLE-GEM PROTOTYPE

GAS DETECTORS DEVELOPMENT
CERN
L. Ropelewski....M. Van Stenis.....
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CYLINDRICAL GEM DETECTORS

A. Balla et al,
Nucl. Instr. and Meth. A732(2013)221

R. Farinelli, RD51 Coll. Meeting (Aveiro 2016)
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CERN GDD: SPHERICAL GEM CHAMBERS
“SPHERICAL” MULTIGEM AND READOUT BOARD

Sketch of a spherical triple GEM detector

drift electrode

spherical triple GEM ——
& e ' = spherical readout board

S. Duarte Pinto arXiv:1011.5528v1
IEEE 2011 Nucl. Sci. Symp. Conf. Rec.
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LARGE SIZE GEM PRODUCTION

SINGLE MASK PHOTOLITOGRAPHY
R. De Oliveira, CERN EP-DT-EF

Cu-clad Kapton

Single mask
Photoresist

Cu etching

Kapton etching

Second Cu etching |

“CYLINDRICAL” HOLES

M. Alfonsi et al, Nucl. Instr. and Meth. A617(2010)151
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CMS HIGH-n MUON DETECTOR UPGRADE

Archana Sharma, CMS GEM Upgrade Project Manager

DISMOUNTABLE MECHANICAL ASSEMBLY
EDGE STRETCHED GEM FOILS
CERN-INFN-BONN

GEM MODULES: 100-120 cm x 22-45 cm
36 SUPERCHAMBERS IN EACH ENDCAP

M. Alfonsi et al, Nucl. Instr. and Meth. A617(2010)151 ]

D. Abbaneo et al,
Nucl. Instr. and Meth. A732 (2013) 203

B. Dorney, MPGD WORKSHORP (Trieste 2015)
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14000 "
(- | Ag Xray 22 keV
8 12000 1 GE1/1
=t 1 Ar-CO2-CFe 45 1540
@ 10000 I
O |
@
8000 |
% i " f.!. f , ‘ ..".....'O .......
£ 6000 |
w [
4000 ]
1
2000 i 3
110 kHz/cm' equivalent MIP
0L L .
1.0E-01 1.0E+00 1.0E+01 1.0E+02 1.0E+03
CMS Collaboration, CERN-LHCC-2015-012, CMS-TDR-013 Rate (kHz/em?)
10-'): . . 1 4 T - ] 1 I 1] 1 . | == -
L | |
% [ *'Am source ,
= : Gas mixture Ar/CO2 "
L0 A
© 10 3 E [}
0 E : [
o . —_— ]
& DESIGN GAIN: 5.10 :
© L |
© 10+, | J
@ = !
N = C !
@ | ]
(] I ! -1
10=
104 105 106
CMS Collaboration, CERN-LHCC-2015-012, CMS-TDR-013 Effechve qaln

B. Dorney, MPGD Workshop (Trieste 2015)
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ALICE GEM-TPC UPGRADE

Chilo Garabatos, Deputy Project Leader
QUAD-GEM WITH STAGGERED HOLES

3 A

Cover electrode

L — Eon |
GEM 1 ’ . 3

[ p— ] Ey, Lmpee—— | 2 M
(3] PR — I,

Ty S | Ex =y [2mm
GEM3 R = i

| pe—— ] En [ p— 2mm
GEM 4 S . !

| — ] i nd roadout snode | - - 2 mm

4

Strong back [

Fabio Sauli

165 cm

GEM 1
GEM 2

GEM 3

pad plane

87 cm

A. Deisting, MPGD Workshop (Trieste 2015)
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ALTERNATIVE GEM STRUCTURES

GLASS GEM

( ) *  GOOD GAIN UNIFORMITY
a  GOOD ENERGY RESOLUTION
* NON-OUTGASSING MATERIALS

© O Y

XXX X
"X X

i N

X X XK X

H, Takahashi et al, Nucl. Instr. and Meth. A724(2013)1
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THICK ELECTRON MULTIPLIER (THGEM)

ALSO CALLED LARGE ELECTRON MULTIPLIER (LEM)

MECHANICAL DRILLING OF METAL-CLAD PC BOARD
« SELF-SUPPORTING
- HIGH GAIN (?)

R.Chechik et al, Nucl. Instr. and Meth. A535(2004)303
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THGEM: GAIN AND CHARGING UP

a DEVELOPMENTS FOR THE -
COMPASS RICH-1 UPGRADE GAIN RIM: 100 pm
10 pm
LARGE RIM: 2o
« HIGH GAIN .
« CHARGING UP 4
o .
- s Std_no_nm
RIMLESS: v AN e Std_10_um
« STABLE
100 T v T v T y Y Y T T
1.3 14 1.5 16 1.7 18
AV (kV)
GAIN VS TIME (CHARGING UP EFFECT):
2000+ ' 0.1 mmrim o ; e 8O g is
- A i :
g 1000 - < ° ® No rim -
.- & { {
% 2 4 6 8 10 12 14 16 18 20
time [hours) MULTIPLE
M. Alexeev et al, Nucl. Instr. and Meth. A695(2012)159 STRUCTURES
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MULTIGEM GAIN AT VERY HIGH RATES

GAIN VS X-RAY RATE: TRIPLE GEM (2006)

Ar-CO, 70-30
210004| E _=E_=3.25kV/cm
| E _=55kV/icm
180001 E =350 V/icm

15000 4 BB b SRR

12000 +

| o oo G gopmmg ®

D000 ettt et

Effective gain

6000 - A—A_;_A——A—M;A“ | e L
v ~Y 1
) 1 w" |
3000 - Ii-v-vr """" S ialiaas i
* K- *—Hm{nw* gadl

9

10° 10° 10° 10° 10°

Rate (Hz mm?)

P. Everaerts, PhD Thesis Gent University (2006)
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ey = —— —
!' ; 4 . . . <
v e — i —
A R —
D) -
2
& Bsarencs o a » 7o CEE B I P
o 50 - o o o o - 0: :
:TJ b - g o = R 2 .
—E, = 51Viom SINGLE GEM
—a—E_= 3 x\Viom
- 1 Viom
—o—E_ =01 \VWom
0 d
10 10° 10
Flux (kHz'mm")
35000 — —~—y ——
TRIPLEGEM \
30000
25000 « > .\
c 31 Bl T3 \
@ *-— ‘I‘
O 20000 - -
Q
2 -
3 15000 4 . .
= pe .
W 3 g °
10000 4 . sttt
d -
5000 + + - >-o—o—7
0 1
10 10* 10° 10"

GDD

P. Thuiner, PhD TU Vienna (2016)

Fabio Sauli

Flux (Hz/mm®)

SIMULATION: CHARGE DENSITIES VS RATE

0.1 MHz/mm? 1 MHz/mm?

. 1

« 0.1

10 MHz/mm?

£ g
© © °
L & 5
2 2 2
“o * o
TRVVY e&l;o'({s; ""_->‘_ -:‘ ;'- -
’cns ’ -
10000 o
n Effective Gain
o, .
%e 8000 F Gr=1./(Rxn, xe) ’
L
5 l ] § tgzmn *
2 6000 b
[~
c
‘8 4000 F '
> ! , . . awm eas ™ .
2000 + lons per primary electrons L, -
| Gy =le/(Rxn, xe) Bt W
\ 5 - . .
0 \ - al L PO | oJ
0.001 0.01 0.1 1 10

X-ray flux |P.|Hz.‘rnm2|

S. Franchino et al, IEEE 2015 Nucl. Sci. Symp. Conf. Rec.
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POSITIVE IONS BACKFLOW

POSITIVE IONS BACKFLOW (OR FEEDBACK): gy TR IR § -
gp — lowrr  THE WISH: S 1t §\
LivopE ONE IBF ION PER PRIMARY R il %
I 4 | ' =
IBF < ~10™ 26l WNeadwove = -
MULTIGEMS:THE IBF VALUE DEPENDS VA SINGLE GEM S 3
ON GEOMETRY, FIELDS AND DIFFUSION: . /4 S &
3% w7 g £
"'7.' : :_. o 4 — & — ) 10 fQ' Z
4 10 B e T e SR SR L .
 m— - — | — E . ]
-l . o * e .DOUBLE GEM
Nl = EECLEEEE. £ === Br------ [ 0.29
& 25 | ®e
2 OFavav,, ™ .| TRIPLE GEM
—;;" ® GEM-PCB L SN 4
; .—\1-11-‘.?‘1'-?-1'1' s — - - :':-4-' i 0 05%
= \:lll‘:(-.:f .Hlln vl . b03 ¢03 : " 2
1 [+ 4GEM :
't | P B de o AR S I,
— 10" 10 10° 10 10° 10" Gain

A. Bondar et al, Nucl. Instr. and Meth. A496(2003)325
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ION BACKFLOW REDUCTION: OFFSET HOLES . -"-"-

e -8
¢ I" TRANSVERSE DIFFUSION: EXPLOIT THE DIFFERENCE BETWEEN IONS’ AND
slecion-on dtusion og ELECTRONS’ DIFFUSION IN AN OFFSET DOUBLE GEM
EEcrRoNg | | Anl
W cy 5]
g o ;
T , OFFSET SCAN:
| ."'\'i-'
{ ’ “‘. 150 - ~— 15
;_ 100 o - :!r ....... ,"- !_r‘..“,,--“. 10 :é-
% ! ::, :". '."' IBF :'-" E_S:
P . P S Y

POSITION (um)

F. Sauli et al, Nucl. Instr. and Meth. A560(2006)269
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ALICE TPC GEM UPGRADE

ENERGY RESOLUTION VS IBF:

20S-LP-LF’-S GEM configuration @ gain 2000

é UGL‘JJUGL w=0'8 UGLV./U(.;L‘M:o'gS

7 HAE —e—U_ =235V —o—U_ =235V T
' ——U,,.=255V ——U_ =256V
®r —e—U_, =285V ——U_ =285V ]
14} )
pad plane f

12 :
10} -
GEM 1 & 4: STANDARD PITCH 140 um 8+ -
GEM 2 & 3: LARGE PITCH 280 um R i :

0.0 0.5 1.0 1.5 2.0 2.5 3.0

IBF (%)

ALICE A.Deisting, MPGD Workshop (Trieste 20125)

Fabio Sauli 20 YEARS OF GEM DETECTORS  CERN 21 October 2016



[BF SIMULATIONS FOR THE PANDA TPC

TRIPLE GEM OPERATED IN Ne-CO, 90-10
2 107 p-p ANNIHILATIONS  GAIN M=2000

SPACE CHARGE DENSITY:
(a)

40
35

30

ricm)

25

20

20 0 20 40 60 S0 100
zicm)
)y ‘?5
Ol
5
b = 5
z =4
> 4l

200 0 20 40 60 80

ricm)

100

IBF 2.5 1073
ELECTRIC FIELD DISTORTIONS:

(a)

ricm)

20 0 20 40 6l 80 100
z(cm)
( 2 ) 40

403
~:38 402
§ 1 401
- I 400
25 J 199
20 198
L R s ey N 97

20 0 20 40 60 80 100

Zicm)

EW. Bohmer et al,Nucl. Instr. and Meth. A719(2013)101

Fabio Sauli
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GAS DETECTORS SIMULATION TOOLS

MAGBOLTZ (Steve Biagi)
GARFIELD (Rob Veenhof)
+ ELECTRIC FIELD, ENERGY LOSS.,...

Geometry, Field Map
Boundary Condition

as, Temperature,
Magboltz < Pressure
Drift, Diffusion. ignal from
Avalanche MPGDs

UonezIuoj

Gas, Particle Type,
Energy

P. Bhattacharya, RD51 Collaboration
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GAS DETECTORS SIMULATION TOOLS

lon Backflow

i 1]
L1V (Pitch 140 um) v 3
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%/ SEM I (Pitch 140 A\Y
Bj / GEM1(S) :

";u:-wu'm-um
GEM2(LP

GEMS3(LP)

GEMA4(S)

P. Bhattacharya, MPGD Workshop (Trieste 2015)
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GEM APPLICATIONS: NEUTRON DETECTORS

CASCADE: '"'B-COATED GEM ELECTRODES

THERMAL NEUTRON RADIOGRAPHY

Neulrons 0070
. Drift Electrode 120 -
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uptod
. Transfor GEMs 0.13
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o
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M. Klein and Ch. Schmidt, Nucl. Instr. and Meth. A628(2011)9
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NEUTRON DETECTORS

b-GEM:
TRIPLE GEM WITH ALUMINUM FOIL CATHODE COATED WITH 1 um OF BORON CARBIDE
READOUT: 144 PADS, 8x8 mm?

2-D THERMAL NEUTRON BEAM PROFILE

n
\a 2D Thermal neutron beam profile |

SENSITIVITY TO GAMMA BACKGROUND: §
E
......... S ——————————— 3
e Beam On (Neutrons) -
10" o Beam On (Neutrons + Photons) I
® Beam Off (Photons) >
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E 1 .
= 10 . "
/4 o o
E’ 3 . " .
= 10 ° [
P "
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o i
101 A ' A A La A L A A1
700 750 800 850 900 950 100010501100
VeauV] G. Croci et al, Nucl. Instr. and Meth. A732(2013)217
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Fabio Sauli

G. Croci et al, MPGD Workshop (Trieste 2015)

Padded Anode

Triple

BORON ARRAY NEUTRON DETECTOR (BAND-GEM)
GEM

Alumina Lamellas coated on both sides with 1°B,C




UV PHOTON DETECTION: Csl PHOTOCATHODES - --

REFLECTIVE CsI PHOTOCATHODE ON UPPER GEM ELECTRODE
« NO PHOTON FEEDBACK

e INSENSITIVE TO DIRECT IONIZATION

| | TRIPLE GEM
................ R COLLIMATED SINGLE UV PHOTON SOURCE
- POSITION ACCURACY
e /
A% 600 200-pm
, \ ¥ «—>
‘ i 15-;‘ % ! ‘ 400 sl N , RS
200 = 4_ 55 Quim
8 rms
0 ‘_..J_..J.l.yi.l; i | 1'-1 l L1 ﬁ rw-w:h., -y

Center of Gravity (strips)

(@1)))) T. Meinschad, L. Ropelewski and F. Sauli, NIMA 535(2004)324
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PHENIX HADRON BLIND DETECTOR

“INVERSE FIELD” TPC

ef \ e \ R‘ otons

Reverse bias
Mesh

C. Aidala et al, Nucl. Instr. and Methods A502(2003)200

Z. Fraenkel et al, Nucl. Instr. and Methods A546(2005) 466
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COMPASS RICH 1 UPGRADE

THICK GEM CsI-COATED 30x30 cm? TRIPLE THGEM PROTOTYPE

SINGLE EVENT (6 GeV w BEAM)

24
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18 » - I
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N ]
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M. Alexeev et al, Nucl. Instr. and Meth. A732(2013)264 2} n
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.....

COMPASS RICH-1 MPGD UPGRADE
DOUBLE STAGGERED THGEMS+MICROMEGAS

D

M. Alexeev et al, MPGD Workshop (Trieste 2015)
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GEM APPLICATIONS: POLARIMETRY
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R. Bellazzini et al, Nucl. Instr. and Meth. A720(2013)173
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GEM POLARIMETER IN SPACE

Sy N GEMS MISSION CANCELLED BY NASA (2012
GEMS | (2012)

Gravity and Extreme
Magneétism SMEX

NEW MISSION (2017):
POLARIMETRY FOR RELATIVISTIC
ASTROPHYSICAL X-RAY SOURCES (PRAXyS)

W.B. Iwakiri et al, Nucl. Instr. and Meth. In press (2016)
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Toru Tamagawa, MPGD Workshop (Saragoza 2013)
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GEMPIX: GEM + MEDIPIX

TRIPLE-GEM WITH MEDIPIX READOUT

256x256 pixels, 55x55 pm?
X-ray RECORDED EVENTS:

Mylar window
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F. Murtas et al, JINST10(2015)P11003

Fabio Sauli 20 YEARS OF GEM DETECTORS  CERN 21 October 2016



X-RAY FLUORESCENCE ANALYSIS

28x28 mm? MICRO-HOLE AND STRIP PLATE (MHSP)
WITH RESISTIVE LINES 2-D READOUT

X-ray Tube

ELEMENTAL ANALYSIS:
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A.LM. Silva et al, Spectrochimica Acta B86(2013)115
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ENERGY-RESOLVED X-RAY FLUORESCENCE

Fe
Indian Miniature Pb
Ba
3 Zn

o ;‘-'T'V—J-.I'. .

_— N . R8T oo A T
R CITR N s
elemental

distribution

J. Veloso, RD51 Special Workshop on Photon detection (CERN, 2015)
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OPTICAL IMAGING

IMAGING CHAMBER (1987) COSMICS
—  Charge multiplication
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OPTICAL IMAGING (2002)

CARBON TETRAFLUORIDE SCINTILLATION:
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DOSE MONITORING IN HADROTHERAPY  ="="-
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DOUBLE GEM WITH OPTICAL DETECTION BEAM PROFILE: Ul
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E. Seravalli et al, Phys. Med. Biol. 53(2008)4651
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OPTICAL IMAGING

/

55Fe 5.9 keV X-RAYS £ | >SFe source

\ Full energy

|
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ENERGY RESOLVED FLUORESCENCE ANALYSIS =7

C—m “
ot s =
painting 5 |
@
§ 12Ht
M pin-hole 101
8
X-ra I —— | :
y GEMs
6
shieldih H
& Camera and lens 4
2
o | L LAl L
0 0.5 1 15 2 25 3 35 4 45 5

collectad ight (a.u.)

GDD F. Resnati, MPGD Workshop (Aveiro, 2016)
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OPTICAL X-RAY IMAGING

SMALL DRONE-IN-THE BOX

K

/ | JUMPING DRONE RADIOGRAPHY (30 keV)

11 kV

ol
40 KV 7

F. Resnati, MPGD Workshop (Aveiro, 2016)
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X-RAY TOMOGRAPHY

IMAGE -> SINOGRAMS -> FILTERED BACK PROJECTION -> 3D IMAGE

@00 FE Resnati, MPGD Workshop (Aveiro, 2016)
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CORRECTION OF THE PARALLAX ERROR
PINHOLE CAMERA:
PARALLAX ERROR

PLANISPHERICAL GEM

CONCENTRIC GRADED POTENTIAL RINGS
ON CATHODE AND GEM ELECTRODES

RADIAL CONVERSION AND DRIFT

I — —
GEM 2
,;"_ﬁ
Computed with COMSOL Multiphysics

Fabio Sauli

FE Sauli, PCT Patent W099/21211
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CERN 21 October 2016
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PLANISPHERICAL GEM WITH OPTICAL READOUT ~<"-".

CAD-CAM DESIGN
3-D PRINTING OF MOST PARTS
SEGMENTED GEMS MANUFACTURED AT CERN (R. De Oliveira)

100cm @ 10 cm FOCUS (ADJUSTABLE)

Segmented
cathode

Active detector

~ volume

Voltage divider

Field shaper

Main frame

Two segmented
GEMs

Light shielding
housing camera

@) ... F Brunbauer.....M. Van Stenis.....
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PLANISPHERICAL GEM

PFe 5.9 keV
MASK WITH | mm @ HOLES PATTERN ~ _/__\ MASK
UNIFORM DRIFT FIELD RADIAL DRIFT FIELD

( | | F Sauli, MPGD Workshop (Aveiro 2016)
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PLANISPHERICAL GEM

X-RAY TUBE Sy
20 keV ‘[ L/
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/I \
/
YA

Florian Brunbauer, October 20
GDD
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