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SOLVING THE PROBLEMS Fabio SAULI

SEARCH FOR ALTERNATIVE MICRO-PATTERN STRUCTURES
Multistep Chamber

Compteur a trous Multiwire structure:
Single hole in PC board:

_H_’T_ Gas Electron Multiplier (GEM)
Metal-coated thin foil with holes:

i : - . 0
F. Bartol, M. Bordessoule, G. Chaplier, M. L i %
Lemonnier, S. Megtert, J. Phys. Il (1996) 337
- Sturdier mechanical structure
- Separate amplifying (HV) and read-out

electrodes

G. Charpak and F. Sauli,
Phys. Letters 78 B (1978) 523
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F. Sauli, Nucl. Instr. and Methods A386(1997)531



GEM Fabio SAULI

Typical GEM geometry: 5 um Cu on 50 um Kapton, 70 pm holes at 140 mm pitch
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Chemical etching

Manufacturing technology developed by R.
De Oliveira (CERN-EST)

TeleEhs £
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GEM SGAPES Fabio SAULI

GEM FOR HERA-B Round GEM for INTEGRAL
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STANDARD GEM Fabio SAULI

‘Standard”__small GEM 10x10 cm? COMPASS GEM 31x31 cm?

4-segments GEM 10x10 cm? :
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GEM SHAPES Fabio SAULI
Nuclear Magnetic Spectrometer (Osaka Univ.)

GEM_2 TOP EDA-QOBBO-VA

e
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SINGLE GEM Fabio SAULI

Single GEM detector

-Vb
3mmTDrift
-VTO;WW\\/:::::::::::::::::::::: GEM
VBO.;'VWV\— 1mmT Induction
I S —

ADVANTAGES OF GEM DEVICES:
-Readout planeseparated from multiplying
electrode

-Arbitrary readout pattern (1D or 2D strips,
pads)

A. Bressan et al, Nucl. Instr. and Meth. A425 (1999)
254

H-COOEDINATE
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MULTIGEM

GEMs CAN BE CASCADED FOR HIGHER/SAFER GAIN:

Double GEM

DRIFT I
ED DRIFT

GEM 1 2 0800800000078
ET TRANSFER

GEM 2 - T XYXXXXXXXXXXX.
E| INDUCTION

EADOUT

C. Buttner et al, Nucl. Instr. and Meth. A 409(1998)79
S. Bachmann et al, Nucl. Instr. and Meth. A 443(1999)464

Fabio SAULI
Triple GEM
DRIFT I
ED DRIFT
GEM 1 X X XX XXX XX XXX XK.
ET1 TRANSFER 1
GEM 2 X X X 2 X X X X & X X X X _
ET2 TRANSFER 2
GEM 2 X X X 2 X X X X X X X X X _
E| INDUCTION

READOUT
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MULTIGEM

MULTIGEM GAIN/DISCHARGE

Proportional Gain:

Discharge probability exposed to 5 MeV a.:

—
o]
]

Effective Gain

DGEM

o
=
=

Disch 8-D-TGEM ArCO270-30 bis
T — T

Fabio SAULI

. 129000
5107 e ——— T
B | External collimated o source ks
% [ Ar-CO, 70-30
FE 4107 | Bqual ':“VGEM
£ £
£
=il I 1
5 1
3-D-TC r | TGEM
sl e .I :
! DGEM
i | SGEM :
1107 L
| , ;
0 10° -
10° 10° 10* 107 10°
Effectrve Gamn
SGEM
1
S. Bachmann et al Nucl. Instr. and Meth.
|, : A479(2002)294
'500 550
AV (V)
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COMPASS Fabio SAULI

TRIPLE GEM TRACKER FOR COMPASS AT CERN (NA58)
Common Muon and Proton Apparatus for Structure and Spectroscopy

High rate forward spectrometer: ~ 5.107 polarized 160 GeV p*/s on polarized 6LiD target

polarized
target SM1 RICH1 pfilter 1 SM2 RICH2 u filter 2

I Magnets [T Tracking llll RICH WM ECAL [ 1HCAL I . filter

22 Triple-GEM detectors, mounted in pairs on 11 stations
Data taking since 2001

http://wwwcompass.cern.ch/
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COMPASS T-GEM

COMPASS Triple-GEM detectors

Light all-glued construction:
0.7% X, in active area

Honeycomb plates

GEM foils

N

TYeN

2 mr},, THH.HSFE‘N

2 mm TRANSFER Z X

Zmm HDUCTION

4

1]

/

2-D Readout board

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

.-—-'—
Bt o S L e

Fabio SAULI
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COMPASS T-GEM Fabio SAULI

GEM foils for COMPASS (31x31 cm?), 12-sectors + beam Killer

~ 100 foils produced
22 Triple-GEM detectors running
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COMPASS T-GEM Fabio SAULI

2-D READOUT: perpendicular strips at 400 ym pitch

READOUT ELECTRONICS ' . RN

——
| by

Recording of charge on each strip with the APV25 128
channels analogue pipeline (25 ns sampling)

80 um - =

VY'Y

350 um 400 um

Charge recorded on 3hree adjacent bins (10 bit ADC)

M. J. French et al, Nucl. Instr. and Meth. A466(2001)359
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OMPASS T-GEM Fabio SAULI

GEM FRAME AND SPACER:
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OMPASS T-GEM Fabio SAULI

First GEM stretched and glued on frame:
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COMPASS T-GEM Fabio SAULI
HV TESTING DURING CONSTRUCTION
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COMPASS T-GEM Fabio SAULI

HIGH-RATE RUNNING PERFORMANCE
Reconstructed tracks density:

GM10XY Hz/mm?
'é‘h [ 1 1 T ||||||I T | LI |||||I I_
€ enl i E
=150 : : 10000
) L = - _
100 =
- 1 ~8000
501 = Efficiency uniformity:
of | /6000 GMOGUV
E E E :III IIII|IIIIIIIIIIIIIIIIIIIIIIII III:
— . Eqs0F N
a3 : E o = 19,
-100F - 100 E
E . ... - E —2000 m—_ E
-150[~ - - - i
: I|| L I |IIIIIIII| L | |IIIIIIII| |:ID u:_ _:
-150 -100 -50 0 50 100 150 - ]
C 1 —0.a
X (mm) Al e
100 =
150 =
:IIIIIIII|IIIIIIIIIIIIIIIIIIIIIIIIIIII:
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B. Ketzer et al, Nucl. Instr. And Meth. A535(2004)314 u {mm?
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COMPASS T-GEM Fabio SAULI

Charge correlation between the two projections:

Efficiency vs track multiplicity:

multeff

100
)
g 98 e
dél. & - ¢ : 4 . } ¢
B 07y a0 8o 1200 1600 2000 & i ' i l ‘
80 um Strips : : I
SUMMARY OF RUNNING PERFORMANCES: 94
Max rate 10 kHz mm-2
Space accuracy G,~G,~70 pm 92
Efficiency: 97.2% (single)
95.6% (2D) 00
X-Y Charge correlation: 10% rms 0 5 e Multiplicity15

Time resolution: 6,=12 ns (from 3-sample fit)

B. Ketzer et al, Nucl. Instr. And Meth. A535(2004)314
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LHCB MUON TRIGGER
FAST TGEM DETECTORS FOR LHCb MUON TRIGGER

A ;
ks M4 MS
{3 i M3
Smi—/ / SPD/PS HCAL o
Magnet
T T3 RICH2

Fabio SAULI

12 double TGEM detectors operated with
fast gas mixture (Ar-CO,-CF,)

Rate - 5 kHz mm-

Time resolution 4.5 ns rms

No aging up to integrated charge of 20
mC mm-=2 (15 LHCDb years)

Pad readout plane 24 cm? GEM modules

M. Alfonsi et al, Nucl. Instr. And Meth. A535(2004)319
W. Bonivento, IEEE Nucl. Sci. Symposium (Rome 2004)
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TOTEM Fabio SAULI

TOTEM: Total Cros Section, Elastic Scattering and Diffraction Dissociation at LHC

TGEM Tracker in the open plug of the CMS forward
shielding

2x10 Semicircular TGEM detectors on
each arm:

http://totem.web.cern.ch/Totem/
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TOTEM tgem READOUT BOARD:
- Radial strips (accurate track’s angle)
- Pad matrix (fast trigger and coarse coordinate)

Digital pads readout

—

1



TOTEM

FIRST TOTEM TGEM PROTOTYPE
Beam tested (end 2004)

4

. Fighl

M. Bozzo et al, subm. IEEE Nuclear Science Symposium (Rome, Oct. 16-22, 2004)

2
s
:
H*
d

Charge sharing strips/pads,, |

Fabio SAULI

Pulse Height Spectra TOTEM GEM prototype

T T
1400 - Ar-CO, 70-30
Cu line X-rays
1200 | Wiot=4ky

— pads
— strips 4

1000 -

800

600 -

200 -

1}

| . | . | |
1) 100 200 3no 400 a00 800 oo |00 900 1000
ADC counts
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GEM READOUT Fabio SAULI
READOUT PATTERNS:
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HEXABOARD Fabio SAULI

HEXABOARD READOUT: 3D

Hexagonal pads interconnected along three
projections at 120°:

C\ﬁ

U

774

S. Bachmann et al, Nucl. Instr. and Meth. A 478 (2002) 104
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HEXABOARD TPC Fabio SAULI

MICE: Muon lonization Cooling Experiment
HEXABOARD GEM TPC Prototype 400

4

Beam Tracks
350

300

250
200

150

150
O zm0

00
250

200

V. Ableev et al, Nucl. Instr. and Meth. A518(2004)113

150

Pietro Chimenti, IEEE Nuclear Science Symposium (Roma 2004)
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STAR TRACKING UPGRADE Fabio SAULI

« Solidworks design

N\  Forward GE/
. Tracker (FG

Forward Silicon
Tracker (FST)

{eavy Flavor

‘racker (HFT)

APS pixel -

letector) Inner Silicon
Tracker (IST)
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GEM TPC Fabio SAULI
GEM READOUT FOR THE TIME PROJECTION CHAMBER

- Narrow pad response function: As ~ 1 mm
- Fast signals (no ion tail): AT~20 ns

- Very good multi-track resolution: AV ~ 1 mm3
(Standard MWPC TPC ~ 1 cm3)

- lon feedback suppression: I*/I-~ 0.1% (Design proposed for the TESLA TDR)
- No ExB distortions

- Freedom in end-cap shapes
- Robustness

LINEAR COLLIDER DETECTOR

VERTEX

GEM TPC
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GEM-TPC Fabio SAULI

GEM-TPC PROTOTYPE
LBL-KARLSRUHE-CERN

QuickTime™ and a QuickTime™ and a
GIF decompressor GIF decompressor
are needed to see this picture. are needed to see this picture.

Test beam results:
Efficiency 99.3 %

Position accuracy o, ~ G, ~ 100 ym

PAD ROWS: 1.27 x 12.5 mm

S. Kappler et al, IEEE Trans. Nucl. Sci. NS51(2004)1039

J. Kaminski et al, Nucl. Instr. and Meth. A535(2004)201
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GEM TPC
GEM TPC STUDIES

Charge transport in high magnetic fields:

Electron signal:

Fabio SAULI

~ |Measurements at DESY:
2.2 — Anode Current Aachen/DESY o
2| o Extraction® aﬁfn@ 2
@ - | o (Collection xGain)® oS
= 1.8 :_ Measurements at Jilich: &dﬁ .
) 1.6 Anode Current Qfﬂ‘p .
> 1.6 . faction® lon feedback:
g 1 4 — | = {CollecﬂonxGain)S M 0.006
= F '
8 4o = " Aachen/DESY
m - — If‘l_h—
L 0.005 1
oc L e = ! i
.. mmﬂh;%%nwemmnnm&m&mxmmmmqm g 0.004 {%‘%IL
0.8F | | , , , 2 T,
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 L E%Iig
0 1 2 3 4 5 S 0.003 ik s
- = - T2 ¥
Magnetic field [T] E Pl
5 0.002
®
=
w
0.001
M. Killenberg et al,
Nucl. Instr. and Meth. A530(2004)251 0

0 05 1 15 2 25 3 35 4 45 5

B[T]

SLIDE 29



GEM TPC Fabio SAULI
GEM-TPC studies in high magnetic field at DESY:

il - -

1 80-cm drift - Triple GEM detector

e
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AT 4T

oL
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transverse resolution ¢ (mm) ©

b~ "100 200 300 400 500 600
drift distance (mm)

P

P. Wienemann, Int. Linear Collider Workshop, SLAC March 18-22, 2005
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LEGS GEM-TPC Fabio SAULI
GEM-TPC FOR LEGS (LASER ELECTRON GAMMA SOURCE) AT BNL

‘-1\

Bo Yu, personal communication
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TACTIC
TRIUMF Annular Chamber for the Tracking and Identification of Charged particles

Measurement of nuclear cross sections for astrophyisics

sLi(aL,n) 1B

8Li ions (90-220 keV/u) interacting
in He gas

Cylindrical GEM detector with pad readout:

anode strips




PHOTON DETECTION WITH GEM

Semi-transparent photocathode: Reflective photocathode:

 HRIFT Epripr~0

Hininnn




Csl GEM

Csl QUANTUM EFFICIENCY (relative to vacuum):

1.0 ,

0.8 -

0.6 |-

04

Gas/vacuum current ratio

v
0.0 !

Ar/N, (98/2) |
AT/CH, (95/5)
S ]

v
He/At/N, (50/48/2)

Hg lamp _
185 nm

0.0 0.5

1.0

15 20 25 30 35
E (kV/cm)

A. Breskin et al, Nucl. Instrum. and Methods

A483(2001)670

Efficiency vs GEM geometry:

Fabio SAULI

Thin
25 um,70/140

all_GEMs_transmission

' counting mode

1.0 FCH, 760torr

aulr |

0.8 -E

/ U
y Sl

[ e
e

—_=3.0kV/c
%06
* de14p ..
0.4 —w—t dc20
—@—+dc10D ]
0.2 sch0
‘ —l— sg¢25
0.0

AVgen V]

0 100 200/ 300 400 500 600 700

D. Mérmann et al, Nucl. Instr. and Meth. A530 (2004)258
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Csl GEM

Fabio SAULI
, _ R UV discharge lamp
Lab measurements with collimated
UV photon source —— 1 { ¥ ) \ f
HV - '—" - r T
Triple GEM with Csl coating CT : 0
| . Quartz window

IIIIIIIIIIIII:IIIIIIII GEM1 CSI-Coated

Anode strip readout

-\Gas Detectors Development
1| ) =
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Fabio SAULI

cog scan

800
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CH4 100%

Triple GEM+Csl|

750
Real pasition (um)

700

650

600

u
.;."\_'
N
e

550

-
- ~
Lo el
N
-
.

500

(=] (=)
[=] w
[=3] =]

(wrl) Auaeib Jo Jajuan

Linearity of response (real vs measured
—

position)

950

cog two positions

=+

200 um

Center of Gravity (strips)

50 ym rms

pos 550 um

pos 750 ym

600

SINGLE PHOTOELECTRON POSITION ACCURACY (1-D READOUT STRIPS):

Two positions of collimated beam 200 ym apart:

Csl GEM

1
o o (=] o o o
o o o o o
[Te] = o o —
SUNoD

800

750

700
450



HEXABOARD Fabio SAULI
GEM-Cs| DETECTOR WITH HEXABOARD READOUT

Charge recorded on each projection
(with ALICE ALTRO ADC)

17

U strip number

F. Sauli, RICH04 (Playa del Carmen, Nov. 30-Dec. 5, 2004) Subm. Nucl.
Instr. And Meth.
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HADRON BLIND Fabio SAULI

PHENIX UPGRADE AT BNL
Hadron-blind GEM-TPC-RICH
et \ e- hadron
drift

]
" . - | ¥ f{.
_ e / L oroonos . acacoooococnet poonoooo
= —— o T PP PTPPTPY T P PPTPPPPPY TOTPRS PEPE P PPPPPPPPPS NOPPPPPPPPPTPT ) PRPTPTOT
& A
%

Windowless Cherenkov detector e [ ,

(inverted field TPC) Cﬁarge

CF, gas radiator

Triple'GEMChamber 0000000000000000000000000000000

Csl photocathode on first GEM Photoelectrons
= -H‘I = =

C. Aidala et al,

Nucl. Instr. and Methods A502(2003)200 e R R

A. Kozlov et al, = EEEEREY

Nucl. Instr. and Meth. A523(2004)344
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HADRON BLIND Fabio SAULI

Prototype measurements
Response for hadrons:

g 1-4_ T T T T T T T ]
2 I Charge collection .
5 1.2 -
£ [ ® g-particles ]
S 1 » pions e°att = o= g -
: I o . Rejection factor:
2 0.8 -
[ m ]
0.6 . -
- . § 120|_ 1 1 1 1 1 1 1
0.4f- . - S [ oEy=-0.25kVicm
- - b -
0.2f 3 £100— , E,=-0.3kV/cm .
f RS : S [ LE =-035KkV/ ]
ot Ll IR NP BRI BN B 2 go P07V cm ]
-3 -2 -1 0 1 3 & - .
E, (kVicm) C ]
60— (.;F] # -
Response for electrons: [ ¥ ]
400 5 & ]
T — - @ -
by [ 1 T T T T T T 20__ & -
g F Photoelectron efficiency - L @ ]
= [ a AV, =442V ] 0%.GE.|®..|. I PP B B B |
k] | - _ 0 2 4 6 8 10 12 14 16
£ 18 v AVgg =460V i Charge threshold (e)
2 I AV gy, = 480 V ]
3 - i
§ [ e Voo =506V -
o ' J 2"0%iE ¥ r Y ]
b - ® iyt .
e I s ] I. Tserruya, RICHO4 (Playa del Carmen, Nov. 30-
Fy
0.5~ = ~ — Dec. 5, 2004)
0- Ml BPEFE AT BEE S B AR B B ]
-3 -2 -1 0 1 2 3
E, (kV/cm)
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TWO-PHASE DETECTOR:

Electrons produced in Liquid Xe are extracted and multiplied in the gas phase

GasFotl] | |cometions Vacuum
37 PMTs Port
OFHC Copper 2" diam.
. Gaseous Xe f.I'r :
YV 7k
Multiplicatio : / % ﬁ/ﬂ/ /A // :
Structure e tieeiiiesinessbnes s iae s innt st saaeie .......h!'l.,......
|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| ?1_i.|||-|--||||
' T,
HY IN CEA, Field Liguid Level Diffuse
[ AC) Shaping Reflection

Liguid Xe

Teflon Iamzaﬂan

'HV Multiplier

.\\\1\1\1\\\1&‘1‘?\1\%‘\ b T

10 em

Multi-GEM detector

Double Sided
PC Board with

/f{ and Y Strips

"""""""""""""""" GEM 3
GEM 2
GEM 1

Csl Photocathode

HV Mll]tip]ie‘\l'\

Liquid Level Mesh Electrode

Teflon Spacer

Field Shapiang Rings




TWO-PHASE GEM Fabio SAULI

TWO-PHASE KRIPTON DETECTOR 10" ' " o ' '+
[ 120K, latm [ 123K, 1 3atm |
Current mode | Current mode |
107 E
’
Vacuum ;
pump - 2 ¥
gauge ) i/
@ Y~ LN; trap /+/ 1
10" F - ¥ E
Hes i Pulse-counting
Gas bottle: mnee E mode Two-phase Kr
40 liters of Valve  exchanger 3GEM
Krat 1.9 atm \-"ul\'cX Flange with S
" feedthroughs o : [ [ 0
- 10
B 300 350 400 450 500 550
* Vacuum
'Y 7
insulation A \ GEM ( \ )
GEM?3 O | | — Cu screen
2mm
GEM2 T T T . . .
2mm A
Liquid Kr GEM! —mrmrwr Time .-
2.5-1.5mm C a}hl‘dc b spectlum
2T T 2amm - L Cryostat
b
A
Y
“Na source Jx K-ray windows 22Na e+
1
1
v

SHARCN

Two-phase Kr
119K, 094am =
0.51MeV ‘~quanta

AV (GEM) =
© E(LKn =4kViem
Gain ~ 200

A. Bondar et al, Subm. Nucl. Instr. And Meth. (31.3.2005) SLIDE 41



LOW TEMPERATURE Fabio SAULI

GEM operation in low temperature He and Ne

= I | I
NEVIS, BNL, BINP Novosibirsk solid: Net23%H, -
10" 55K, 4.1g/1 h 3
--> e-bubble chamber for solar neutrino Openi,;\;K 2l G ]
detection (Bill Willis) T .
=
'
o E
10" 3 T T T T T T T T
- He i
L 0.550/1 3GEM E
10° Jid: 78K ]
E solid: A
open: 4.2K Hev 4" K
Tl 2GEM ] i
NESiEL S (ot Ne+0.10%H, = 3GEM i
; 1GEM IGEM ] E 57K, 9.2¢g/1 ]
O 10k . i
] 0L A 2GEM |
10° L _ - g Ne+0.1%H2
] g 10" 57 K .
10" L 1 L L 1 L L 1 - 1GEM
50 100 150 200 250 300 350 400 450 500
10' E .
A VGEM ( \ )
100100 T 150 200 210 300
D b D 2
A. Buzulutskov et al, Subm. Nucl. Instr. And Meth (April 2005)
A VGEM ( V )
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POLARIMETER Fabio SAULI

X-RAY POLARIMETER
Micro-GEM detector with pad readout: tracking the direction of the photoelectrons

DRIFT

Auger
electron i

I ? CMOS ASIC readout with 2101
S o —{ | hexagonal pixels at 80 um pitch

PIXEL
ANODE

ADC

E. Costa et al, Nature 411(2001)662

R. Bellazzini et al, Nucl. Instr. Methods A435(2004)477
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Reconstruction of a 5 keV photoelectron:

0B

0.6

L]

0.2

¥ coordinate (mm)

Y coordinate (mm)
a
IIr|II1IIrIIIlIIIIIIIIIIIIIIII[IIIT]III

- L IIlIIIIIlIIIJIIIIILIlII |III|IIIIIII

2 18 -1 -14 -12 -1 BE 06 04 02 D
X coordinate (mm) X coordinate (mm)




CASCADE Fabio SAULI
CASCADE (Heidelberg University) 1B - COATED GEMS FOR THERMAL NEUTRON DETECTION

R ey ——
W drill electrode

252Cf neutron radiography:

100

80+

Y-Pad

60

40

tape dispenser

I ' I il I I L I ! I
20 40 60 80 100 120
X-Pad

http://www.physi.uni-heidelberg.de/physi/cascade
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OPTICAL GEM Fabio SAULI
DETECTION OF SCINTILLATION LIGHT FROM GEM

Low rate continuous imaging

H
. QuickTime™ and a
] H-V. Video decompressor
L . A~ are needed to see this picture.
.,1“_.-"'_ |
— e .
I - .
[ |l -
| | N NL GEIVII —
4 . 41_'.'_' e o Z'T'_'Z'.'.'Z'.'
Transgarent Window | GEMz
CCD

F.A.F. Fraga et al, Nucl. Instr. and Meth. A478(2002)357
L.M.S.Margato et al, Nucl. Instr. and Meth. A535(2004)231
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