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Triple-GEM detectors in for inner region (R1) of the first muon station (M1)

Trigger (Level-0) and muon p,. measurements
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Given that initial pt is always zero, the final
pt must be also. Thus-this green vector,
equal and opposite to the measured net pt
(in yellow) represents missing pt, whose
magnitude is equal to mEt.

On the assumption that the pt of all detected
particles is represented by the muon and jet pt
vectors in blue, this resultant vector (in yellow)
is the net momentum in the transverse plane, pt.
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B-mesons collection

LHCb ATLAS/CMS
Detector configuration Single-arm forward Central detector
Running luminosity [cm—2s~1] 21054 3% 10°%
pseudo-rapidity range (7)) 1.9 +49 25 +25
< interactions/crossing > ~0.4 (~ 30% single int.) ~ 23
bb pairs/years(integrated in the 1 range) 1012 5x1013

Comparison of the LHC experiment parameters.
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B-mesons collection
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Phase space coverage of the LHC experiments for B-physics.



Trigger is very component of the LHCb experiment

Most sub-detectors designs
are motivated by triggering considerations

The bunch-crossing frequency is 40 MHz

Every 25 ns a pp event can occur




AtL=2x102cm™ s~
inelastic pp interaction (called minimum bias) happens
at rate 15 MHz

Inelastic proton-proton (pp) interactions are called "minimum
bias" because they represent a broad selection of events,
aiming to be as unbiased as possible towards the type of
iInteraction occurring. These events are selected by a loose
trigger, which primarily includes all inelastic collisions.

The ratio of the inelastic minimum bias and bb cross-section
Is about 100

The bb production rate is 150 kHz



For every B event of interest there are 10° background events.

Level Selects Input rate | Reduction | Latency
Level-0 High pr tracks 15 MHz 15 4 us
Level-1 Secondary vertices 1 MHz 25 ~ 1 ms
HLT Reconstructed B events | 40 kHz 20

Events written on the tape 2 kHz

Summary of the trigger scheme.
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The Muon System

Muon triggering and off-line muon identification
Muons are in final states of many CP-sensitive B decays

By — J/(p ) Ky

B) — J/y(utu)e

The muon trigger is based on a muon track reconstruction
and muon p. measurement with resolution of ~ 20%
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The muon detector consists of five muon
tracking stations placed along the beam axis.
The first station (M1) is placed in front of the
calorimeter preshower, at 12.1 m from the
interaction point.

Therefore, the M1 position requires a
radiation length of the detector materials
below 10% of X,

The minimum momentum requested to
traverse the 5 muon stations is 8 GeV/c.

The chambers within the filter are allocated
about 40 cm of space

and are separated by three shields

of 80 cm thickness.

The angular acceptances of the muon system
is from 20 to 306 mrad in the bending plane
and from 16 to 256 mrad in the non-bending
plane.

This provides a geometrical acceptance of
about 20% of muons from b decays relative to
the full solid angle.

The total detector area is about 435 m?.

Muon Detector sideview
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p; resolution contributions
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Figure 2.2: Contributions to the transverse momentum resolution of the muon system as a function of the muon
momentum, averaged over the full acceptance. The pp resolution is defined as [ph® — p&re|/ptve, and is
shown for muons from semi-leptonic b decay having a reconstructed pr close to the trigger threshold, between
1 and 2 GeV/c.
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Each logical pad may group one or more physical pads,
whose dimension are limited by occupancy and capacitance

1390/1490

|

LA
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b cm wide strips (24 or 4

290/309

Logical pad

Figure 2.4: Logical pads and physical pads in Region 4 (top) and Region 2 (bottom) for Stations M4 and M5.
In the former case the = dimension is that of 4 chamber strips and the 1y dimension is the same of the chamber

itself. In the latter case more granularity 1s required and both = and y have half dimensions.
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The basic function of the LHCb Muon system:
identify and trigger muons

Fast triggering requirement

The muon Level-0 trigger (L0) is designed in such a way that
information from all five muon stations is required, and
looking for muon tracks with large p..

Once track finding is completed, an evaluation of p_ is performed for muon tracks

The p; is determined from the track hits in M1 and M2

The momentum measurement assumes a particle from the interaction point
and a single kick from the magnet
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Muon tracks

M2 M3 M4 M5

Figure 2.5: Track finding by the muon trigger. In the example shown, ™ and ;= cross the same pad in M3.

The highlighted in the various station represent the field of interest where the hits are searched.
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Trigger efficiency

Ctrigger — (Estation)5

In order to improve the single station efficiency in 20 ns time window,
the M2-M5 stations consist of four independent detector layers, which are readout
as two double layers and then logically OR-ed (nornyeckas cxema “UNA")

Only two detector layers for the M1 station
in order to reduce material budget in front of the calorimeters

The efficiency for M2-M5 stations must be > 99%,
and > 96% for the M1 station, where only two detector layers are foreseen

As result of such stations efficiency requirement,
the L0 trigger efficiency comes out to be higher than 92%
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Background environment

Station 1 Station 2 Station 3 Station 4 Station 5
Region 1 | 230kHz/cm? | 7.5kHz/cm? | 2kHz/cm? | 2.3 kHz/cm? | 880 kHz/cm?
460 kHz/cm? | 37.5 kHz/cm? | 10 kHz/cm? | 6.5 kHz/cm? | 4.4 kHz/cm?
Region2 | 93 kHz/cm? | 5.3 kHz/cm? | 650 Hz/cm? | 430 Hz/cm? | 350 Hz/cm?
186 kHz/cm? | 26.5 kHz/cm? | 3.3 kHz/cm? | 2.2 kHz/cm? | 1.8 kHz/cm?
Region 3 | 40 kHz/cm? | 1.3 kHz/cm? | 200 Hz/cm? | 150 Hz/cm? | 130 Hz/cm?
80 kHz/cm? 6.5kHz/cm? | 1.0kHz/cm? | 750 Hz/cm? | 650 Hz/cm?
Region 4 | 12.5 kHz/cm? | 230 Hz/cm? 83 Hz/cm? 50 Hz/cm? 45 Hz/cm?
25 kHz/cm? | 1.2kHz/cm? | 415 Hz/cm? | 250 Hz/cm? | 225 Hz/cm?

Table 2.1: Particle rates in the muon system.The first row gives the calculated rate at a luminosity of £ =

5%10%% cm~2 s~! assuming a total p — p cross-section of 6=102.4 mb; in the second row the rate includes the

safety factors.
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Muon system detector technologies

The combination of physics goals and background conditions have determined

the choice of detector technologies for the various stations and regions.

The following parameters particularly affects the technology choice:

1. Rate capability: The selected technologies must tolerate the expected particle rate without
efficiency losses;

2. Ageing: The detector must tolerate, without damages or performance losses, the integrated
charge accumulated in 10 years of operation;

3. Time resolution: The muon system must provide unambiguous bunch crossing identification
with high efficiency. The requirement is at least 99% efficiency within 20 ns window for M2-M5
stations.

For M1 station, as previously discussed, this efficiency is less stringent (> 96%);

4. Spatial resolution: A good spatial resolution is required, especially in M1 and M2, in

order to obtain an accurate p.. evaluation (~20%)

Based on the above considerations, the ~ 99% of the area of the Muon system will be
equipped with Multi Wire Proportional Chamber (MWPC)

The innermost region (R1) of the first station (M1),
where a particle flux up to ~ 500 kHz/cm? is expected, will be instrumented
with triple-GEM detectors (Gas Electron Multiplier)

It should be stressed that the M1R1 region, of about ~ 0.6 m? area,
will trigger about 20% of the muons



Rate capability (3arpy3o4yHast cnoCOOHOCTb)

MWPC : below 1 MHz/cm?

GEM : up to 100 MHz/cm?

The use of triple-GEM detector as a triggering device was a novelty (2005)
in the field of high energy physics.

The first application of GEM detectors in high energy physics
was the COMPASS experiment,
where triple-GEM used as a tracking device

The optimization of the time performance

Time resolution with an Ar/CO, (70/30) gas mixture is about 10 ns r.m.s
Task: improve this limit
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[[@30BbIN 3NEKTPOHHbLIN YMHOXUTENb
6bin n3o0bpetéH ®abmo Caynu B 1996 roay

[unanekTpuyeckas KanToHOBas
NNéHka TonwuHom 50 Mkm,
NOKpbITasa C ABYX CTOPOH MeAbHo
TONLWMUHON 5 MKM

OTtBepcTUa MMeLoT hopmy
OBOMHOro KOHyca

N3o06paxeHne 'Y, nony4eHHOEe Ha CKaHMPYHOLLEM
3NEeKTPOHHOM MUKPOCKONe

F. Sauli, GEM: A new concept for electron amplification in gas detectors
// Nucl. Instrum. and Methods. A386 (1997) 531
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N3rotosneHune N3y

F3Y usrotaBnuealoTCcs

C nomoLbio poTonutorpadum
NyTEM XMMUYECKOro TpaBneHns
mMeTanna u guanekTpuka

c o6enx CTOpoH

60 MKMm

80 MKM

50 MKM KanToHa n 5 MKm
mMean ¢ o6enx CTopoH

HaHeceHune hoTtopesucTa un
doTowwabnoHa, oceeLLleHme
ynbTpaduoneTom

TpaBneHue
mMertanna

TpaBneHue
KanToHa
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Meab Ha KanToHe - 3TO ANEKTPOAbl, Ha KOTOpbIe
nogaéTcs HanpshkeHune.

Cunosble nNuHUKM nonsi (PoKyCUpyHTCS B OTBEPCTUSA
Hanpsbk€HHoCTb B LieHTpe otBepcTus ~ 50 kB/cm

[leTekTnpyemble YacTullbi
Npou3BOAAT MOHU3ALIMIO B paboyem rase

[MepBUYHbIE ANEKTPOHbI MOHM3aUMK ApendyoT
BAOSb CUINOBbIX JIMHUA U DOKYCUPYIOTCA B
OTBEPCTUSA, B KOTOPbIX NMog AeNCTBUEM CUNBHOIO
3MEeKTPUYECKOro Nosisi pa3BMBaOTCA ANEKTPOHHbIE
naBuHbI

YacTb aNeKTPOHOB NaBuHbI MOXET BbIUTU U3
OTBEPCTUSA B ra3oBbii MPOMEXYTOK ANSA YCUIEHUS B
nocnenyrLwmnx yCunuTerbHbIX Kackagax unv ans
perucTpaumm Ha aHOAHOM (CYUTbIBAKOLLEM)
anekTpoae

Cnoco6bHocTb QY paboTtaTh B KackagHoN
KOHpUrypaumm siBnsieTcsa ero rnasHbIM
npenmyLLecTBOM nepes ApyrMMmn rasoBbiMum
AeTekTopamm

NMpuHunn gencreua MY

KapTtuHa anektpuyeckoro nons B QY
ANS TUNUYHBIX YCroBuin paboThbl

Bachmann S., Bressan A., Ropelewski L. et al.
Charge amplification and transfer processes in the gas electron multiplier
/I Nucl. Instrum. and Methods. 1999. Vol. A438.
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HekoTopble CUNoBble NMUHUM 3aMbIKAOTCA HA HUDKHEM
anekTpoge QY

MoaToMy 3HaunTEnNbHasa YacTb ANEKTPOHOB NaBUHbI
Bynet cobupatbcs Ha HEM n ByaeT notepsiHa ons
perncTpauumn Ha CHMTbIBaOLLEM 3rekTpoae

PeanbHoe ycuneHune QY cOOTBETCTBYET MNOMHOMY
3apsiay B naBuHe

A peKTUBHOE ycuneHne cCooTBETCTBYET 3apsaay,
N3MepSieMOMY Ha CYUTbIBAKOLLEM 3MeKTpoae

AhheKkTnBHOE yCcuneHne Bcerga MeHbLIE pearnbHOoro

BHewHwun Bug MY

NMpuHuun peucrteusa NBY

Induction gap
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Buabl cUMThIBaOWMX CTPYKTYP

cartesian small angle hexaboard strips-on-pads
COMPASS, LHCb MICE (Muon TOTEM
lonization Cooling
Experiment)

TBF, BINP

KEDR Tagging System,
DEUTERON,
BINP

250 um

250 pm
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Triple-GEM detector
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Readout electronics
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Discharge probability as a function of the gas gain
for a single, double and triple-GEM detectors in Ar/CO,, (70/30) gas mixture
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Due to statistical fluctuations of the total ionization and the gas gain, the ionization
produced in the first transfer gap, and multiplied by the last two GEMs,
can induce a signal large enough to be read by the front-end electronics.

This effect, particularly important for the time performance of the detector,
has been called bi-GEM effect

Cathode

Drift gap g, E 3 mm

GEM 1 B VGEMI
1st transfer gap g, E ! 1mm

GEM van 1 1 1 1 1 1 1 1 1 ' VGEMZ

2rd transfer gap g, Eo, I 2 mm

GEM 3 i S S S . .. . VGEM3

Induction gap g; E; $ 1mm

)

Readout electronics

Anode PCB
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The bi-GEM signal for a triple-GEM detector (recorded in common stop):
time spectrum for 1 mm (red) and 2 mm (black) thickness of the first transfer gap
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For all gas detectors, the discharge effect can be minimized by adding a suitable fraction
of a quencher component to the gas mixture, although the quantity and the type are limited
by the degradation of the detector performance due to ageing processes

For a triple-GEM detector using a given gas mixture,

the discharge effect can be reduced by increasing the thickness of the second transfer gap.
Indeed, a larger gap allows to increase the electron diffusion in that region.

Since the transverse dimension of the electron clouds increases with the square root of the electron
drift, the number of the holes involved in the multiplication process increase linearly with the thickness of
a gap. Consequently, the diffusion allows the electron cloud to be spread over more than a single hole,
reducing the probability of reaching the Raether limit in the third GEM

IQTZ 1 mm
Z2 mm

IQI 1 mm

1 mm
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The measure of the discharge probability,

as a function of the gas gain in the Ar/CO0,/CF, (60/20/20) gas mixtures,
for two different thickness of the second transfer gap, 1 mm and 2 mm
respectively, has been performed with an *’Am (a) source

~
<

;w‘ | { 25E4 2
S 6o ® GaPER=1mm ] §
1| " oecom p— Taking |r.1to accgunt |
2 ] 2 the maximum size required
g s by the muon system for the
£ a0 | _ whole detector thickness
] ] .
S o bi L TSR and at the same time

: : the necessity to minimize

10 L s .
: o, ZAR the discharge effect,
’ 5
hrective ool transfer gap 2 mm
was set

Figure 3.22: The discharge probability, per-
formed with an 24! Am source, as a function
of the gas gain in the Ar/C02/CF,4 (60/20/20)
gas mixtures for 2 different thickness of the

second transfer gap, 1 and 2 mm.
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For a triple-GEM detector the intrinsic gain is an exponential function
of total voltage on the GEMs

3 3

_ _ <a>p - Vaemrk _ _<axtetytet ; coll extr
G(ff e G’int'r' ’ /Z—}.(')'L e | | € ) Tk: — LM = €. *.JL

The optimal configuration of the GEM voltages is

Veevmt > Vaeme 2 Voeus

This GEM voltage configuration, reducing the discharge effect, allows also to improve
the detector time performance due to a decrease of the bi-GEM effect

The above GEM voltage configuration, together with 1 mm thick first transfer gap,
allow to reduce the bi-GEM down to 1%
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Time performance

The main request for triggering in LHCb Muon system:
provide a high efficiency in the bunch crossing time window

The time performance of a GEM-based detector is correlated with the statistics of the
cluster 1n the drift gap.
The general expression for the space-distribution of the cluster j created at distance x from
the first GEM, 1s :
p—t
, e
(-1

where 71 1s the average number of clusters created per unit length. For a given drift velocity

—nx

A% (z) =

in the drift gap, v, the probability-distribution of the arrival times on the first GEM for the
cluster j gives:
Pj<fd) = A?(’Udtd)

Specifically for the first cluster produced closest to the first GEM (j = 1):
1

n-vq

Pi(ty) =m-e ™ = gyt =

The latter gives the intrinsic value for the time resolution of the detector if the first cluster is

always detected.



Time performance

A high primary ionization and a fast gas mixture
should be chosen in order to improve the time performance of a GEM detector.

Simulation study of the gas mixture properties has been done by using the following
simulation tools:

» Magboltz, which computes the electron drift velocity, the longitudinal and the transverse
diffusion coefficients;

» Heed, which calculates the energy loss through the ionization of a particle crossing the
gas and allows to simulate the cluster production process;

 Imonte, which computes the Townsend and attachment coefficients;

The intrinsic time resolution, which depends on the inverse of the product of the
drift velocity and the specific primary ionization in the drift gap had been
evaluated using Magboltz and Heed simulation tools

35



Simulated electron drift velocity for the studied gas mixtures
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Gas mixture properties in the simulation

Gas Mixture

Drift velocity (drift field)

< Clusters/mm >

Intrinsic time resolution

Ar/CO4 (70/30)
Ar/CO9/CF4 (60/20/20)
Ar/CO9/CF4 (45/15/40)

Ar/CF 4/1s0-C4H1q (65/28/7)

7 em/ps (@3 kV/em)
9 em/pus (@3 kV/em)
10.5em/pus (@3.5 kV/em)
11.5 em/pes (@2kV/em)

33
5

whn
n

A7)

i

4.7 ns (@3 kV/cm)
2.3 ns (@3 kV/em)
1.7ns (@3.5kV/cm)
1.5 ns (@2 kV/cm)

Table 3.1: Summary table of the gas mixture properties: optimized drift velocity and average cluster yield. The
relative inmrinsic time resolution is also reported.
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Intrinsic time resolution in the simulation
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Intrinsic time resolution represents a lower limit.

In fact, taking into account

the limited collection efficiency of the first GEM,
the statistical fluctuation of the gas gain

and the finite threshold of the electronics,

it could happen that the signal

induced by the first cluster cannot be discriminated

In this case the successive pile-up of clusters is needed
to have a signal above the electronic threshold

This effect is the main limitation of the detector time resolution

In order to avoid or to reduce this effect, it is necessary to increase
the single electron detection capability.

The use of a fast gas mixture, characterized by a high drift velocity

at a relative low value of drift field, which ensures a large collection
efficiency in the first multiplication stage, gives a high detection

efficiency of the first cluster 39



Signal formation

In triple-GEM detector
the signal is completely induced by the electron motion in the induction gap

As the first electron emerges from the last GEM,
it starts to induce a current on the pads which stops when it is collected

Cathode
Drift gap g, Ex 3 mm
( qgu, GEM1 s i | -V
I = ——1 — — 1Y I+ fransfer 9°p 9T1 Eq o $ Lmm
t r GEM 2 | — Veeus
- 13 2nd Tr'ansfer gap 9T2 E+s I 2 mm
GEM 3 -V
“Induction gap gI E; SR $ 1mm
Anode PCB

)

Readout electronics

Higher induced signals have been achieved
by reducing the thickness of the induction gap and using a fast gas mixture
for induction field in the range 4.5+5.5 kV/cm
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The R&D activity on triple-GEM detector

Measurements performed in the R&D activity on GEM detectors
operated with CF, and isobutane based gas mixture

The use of such new gas mixtures have also required for the study of the detector
capability to tolerate 10 years of LHCb running without damages or performance
losses.

Prototype have been realized with three GEM foils 10x10 cm? active area
previously stretched and glued on FR4 frames.

The anode readout has segmented in 6x16 mm? pads

The cathode has made up of a kapton foil, with copper on one side, glued on a
similar frame. All frames have then fixed to the FR4 box with nylon screws.

The pads have been connected to a fast preamplifier based on VTX-chip
with a sensitivity of 10 mV/fC, peaking time of 5 ns
and electronic noise charge of about 1300e™ r.m.s at zero input capacitance
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The 10x10 cm? triple-GEM prototype

The three GEMs
glued on the FR4 frames
of different thickness

Readout pads
mounted on the FR4 box
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The 10x10 cm? triple-GEM prototype

The three GEMs stacked in the FR4 box
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Gain measurement

The effective gain of a triple-GEM detector

The gas gain measurement
has been performed by irradiating a triple-GEM prototype
with a high intensity 6 keV X-ray tube

The gas gain measurement has been performed by irradiating a triple-GEM prototype with a
high intensity 6 keV X-ray tube.
The current induced on the pad Ip4p, for a given X-ray flux ¢ x and irradiating area S, is

proportional to the detector gain G, through the relation:
]PAD = €= ATV' -5 (I)RX -G

where e 1s the electron charge and [V, is the gas ionization produced by the X-ray, that de-

pends weakly on the gas mixture (=~ 200 electron-ion pair).
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Effective particle rate as a function of total GEM voltage for various gas mixtures.
The different height of the plateau is due to the different cross sections of the photon

conversion in the gas mixture
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Effective gain of a triple-GEM detector
as a function of total GEM voltage for various gas mixtures

Effective Gain
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Rate capability

The rate capability of a detector depends on the time required by the ions to move from
the avalanche region to the ion collection electrode.

In a GEM structure the ions produced inside the hole are mainly collected on the upper
electrode of the GEM itself in a time nf the arder of faw 115
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The detector rate capability
has been measured

with the Ar/CO,/CF , (60/20/20)
gas mixture

at the gas gain of 2x10*
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Time and efficiency performances

Several tests have been performed at the T11 beam facility of PS-CERN
with 11 beam of 3+4 GeV/c.

These tests gave possibility to measure the time performance

and the efficiency in 20 ns time window
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20 : e
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The electric field configuration
used during the tests of the gas mixtures

Gas muxture Ep (kV/iem) | Ery (kV/em) | E7o (kV/em) | Ef (kV/em)
Ar/CO5 (70/30) 30 30 30 50
Ar/CO»/CF,4 (60/20/20) 30 25 35 50
Ar/CO»/CF, (45/15/40) 35 25 35 50
Ar/CF,4/1s0-C4H;q (65/28/7) 20 30 30 50
Cathode
Drift gap g, Es 3 mm
GEM 1 55 S e . VGEMI
1st transfer gap g-, Ex 3 1mm
GEMZ S R B R R B R N RN . VGEMZ
2rd transfer gap g, Eo, I 2 mm

GEAM 3 i S S S ...

Induction gap g, E; oEN $ 1mm

y

Readout electronics

Anode PCB



Time resolution measurement for a single detector
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Time resolution measurement for two detectors logically OR-ed,

as foreseen in the LHCb experiment.

OR Time resolution — r.m.s. (ns)

Co
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The efficiency in 20 ns time window as a function of the effective gain
for a single detector
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The efficiency in 20 ns time window as a function of the effective gain
for two detectors logically OR-ed as foreseen by the experiment LHCb
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Discharge probability per incident particle

as a function of the effective gain for a detector with 3/1/2/1 gap geometry
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Ageing tests

The chemistry of the ageing process has not been yet deeply studied thus a rigorous
explanation of why certain chambers age and others do not cannot be yet discussed with
certainty.

The approach to the ageing problem is still in most cases purely experimental.

It should be stressed that ageing test should be performed as close as possible to the
real conditions.

Consequently, the irradiated area of the detector should be as large as possible
while the detector should be operated with a gas flow and radiation flux which are
comparable to those foreseen in the experiment.

Of course for time constraints such tests must be accelerated, then a radiation flux
several times higher than the foreseen one have to be used, often affecting the reliability
of the results.
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Ageing tests

The charge integrated

in 10 years of LHCb running (At; ;¢cp) has been estimated as follows:

integrated
LHCbH

where the factor 2 takes into account that the integrate charge is by means the sum of the
currents induced on the pads readout and the bottom electrode of the third GEM (G3 D),
® 1 new 1s the average charged particle flux expected flux in MIR1 (460 kHz/cm?) , e is
the electric charge (1.6x 107 C), N is the specific ionization that is estimated to be ~ 40

=2-®rpcy Atrpcs e N -G

electron-ion pair for all the gas mixtures and G is the gas gain used in the test.

Tab. 3.4 summarizes the values of the gas gain, the integrated charge and the equivalent

LHCDb years of running for each of the gas mixtures tested.

Gas mixtures

Gas gain

Integrated charge (C/cm?)

Equivalent LHCD years

A1/CO5/CE, (60/20/20)
Ar/CO4/CF, (45/15/40)
A1/CFy/is0-C4Ho (65/28/7)

2x104
6x103
1104

20
42
10.2

~ 16 years
~ 11 years

~ 15 years




Normalized gain as a function of the integrated charge (PAD + G3 D)

for the Ar/CO,/CF, (60/20/20) gas mixture
The detector gas gain has been set at 2x10*
The red line indicates the integrated charge

corresponding to 10 years of operation at LHCDb.
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Normalized gain as a function of the integrated charge (PAD + G3 D)
for the Ar/CO,/CF , (45/15/40) gas mixture

The detector gas gain has been set at 6x10°

The red line indicates the integrated charge

corresponding to 10 years of operation at LHCDb.
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Normalized gain as a function of the integrated charge (PAD + G3 D)
for the Ar/CF /iso-C H,  (65/28/7) gas mixture

The detector gas gain has been set at 1x10*

The red line indicates the integrated charge

corresponding to 10 years of operation at LHCDb.
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Conclusions of the R&D activity on the triple-GEM detector 10x10 cm? of active area
The detector shows very high rate capability above the maximum rate at LHCb.

Optimization to improve the detector efficiency in 20 ns time window

Time resolutions better than 5 ns are achieved with fast and high yield CF, and iso-C H,
based gas mixtures, considerably improving the results obtained in the past with the standard
Ar/CO, (70/30) gas mixture (~ 10 ns).

With these new gas mixtures, the detector achieves an efficiency in 20 ns time window above
the 96% at moderate gas gain, while keeping the discharge probability per incident particle

lower than ~ 5x10™"" |

Gas Ar/CO,/CF, (45/15/40) as the reference gas mixture for the GEM LHCb experiment
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The triple-GEM detector in LHCb

The total area of M1R1 region, about 0.6 m?, will be covered with 12 stations
composed by two triple-GEM detectors logically OR-ed pad by pad.
The active area of each station is 200x240 mm?.

WIDTH

7S ™

310

BEAM PIPE
. 20/

Transverse view, with respect to the LHC

beam axis, of the geometrical envelope

of 2 out of the 12 stations, together with

the chamber active area, _ Sketch of the station arrangement in M1R1 region
stations, upstream and downstream the wall support
structure, are shown with different colors. 61




Station arrangement
in M1R1 region
in the z plane

The stations must fit

into the 37 cm space
available between the RICH2
and the Preshower

o]

CH2 |

2054 o

37 CM
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Detector requirements

The detector requirements that a triple-GEM station have to fulfill in M1R1 region are:

a particle rate capability up to 500 kHz/cm?;

each station must have an efficiency higher that 96% within 20 ns time window;

 a pad cluster size, i.e. the number of adjacent detector pads fired when a track crosses

the detector, should not be larger than 1.2 for a 10x25 mm? pad size;

the detector must tolerate, without damages or performance losses, an integrated charge
of ~ 1.8 C/cm? in 10 years of operation at a gas gain of ~ 6 x 10® and an average particle

flux of 184 kHz/cm? for an average luminosity machine of 2x 1032 cm=2 s~ 1;
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Material budget distribution in percentage of X in the overlap of three stations
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The pad-readout panel

The pad readout: the gold-plated pad matrix of 200x240 mm?
represents the active area of the chamber.

A close view of the insert gas and the ground grid between the pads
is shown in the right picture
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Station pad layout as view from the LO muon trigger
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The GEM foil

In order to reduce the energy stored on the GEM and the discharge propagation,
one side of the foil has been divided in six sectors, while the other side is not segmented.
The separation between sectors is 200 uym

A GEM foil as seen from the segmented side.
The HV connections are visible on the right of the picture
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Assembly
of triple-GEM detector

honeycomb plate

3 mm frame
1 mm frame

2 mm frame

1 mm frame

honeycomb plate

back-plane

PCB cathode

1=t GEM foil

2rd GEM foil

3rd GEM foil

PCB read-out

back-plane 68



The stretching of the GEM foil

The electrostatic attraction between the electrodes of two consecutive GEM foils
could produce a sag of the foil itself, including electrostatic instability such as foll
oscillation, and giving rise to possible discharges and local gas gain changes.

To avoid electrostatic instability and to achieve a good uniformity response,

we chose to stretch the GEM foil.

The mechanical tension applied to the GEM foll

and its behavior as a function of time have been investigated with various tests.

Electrostatic attraction effect

2
If electric field is 5 kV/cm 6() €E

between two consecutive foils, p —_—
then pressure due to 2
electrostatic force is ~1 Pa
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Mechanical tension tests

To estimate the sag produced by 1 Pa on a GEM foil, previously stretched at 20 MPa,
a uniformly distributed load of 0.8, 1.6 and 2.4 N is applied.

Using the 3-D machine, the foil bending is measured on a grid of 25 points

Since a load of 1 N distributed over an area of 400x400 mm? , equivalent to ~ 6 Pa, gives a
sag of ~ 100 ym and since the sag linearly depends on the mechanical pressure, the electro-
static pressure of ~ 1 Pa will produce a sag of ~ 15 pym.

It should be stressed that such estimation represents an upper limit for the actual sag

of a stretched foil because the two opposite forces, symmetrically applied to each GEM foil,
result in a vanishing sag.
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Measure of the bending of a GEM foil,
previously stretched at 20 MPa,
when a distributed load of 0.8, 1.6 and 2.4 N are applied
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Radiation effect on the mechanical stretching

The radiation effects on the mechanical stretching of the GEM foil and the epoxy resin,
used to glue the GEM on the fiberglass frame,
have been studied at the vy irradiation facility of the ENEA Casaccia.

For this test, a 20x24 cm? GEM foil has been stretched at 20 MPa and then framed.
To characterized the GEM foil before the test, a distributed load of 1 N,
corresponding to a mechanical pressure of 20 Pa, has been applied,

resulting in a sag of ~95 ym.

After 10 days of irradiation at 20 Gy/h (equivalently to 4 years of LHCb),
a sag of 120 ym has been measured for a mechanical pressure of 20 Pa.

Therefore, a mechanical tension loss of ~ 20% has been observed at the end of the
test, which in our case correspond to a negligible effect
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Mechanical variation

The uniformity of the chamber performances, such as the efficiency and the gas gain,
depends on the mechanical tolerance on each gap.

In fact, since the tolerance on the GEM hole diameter

is by construction very tight, £ 2.5 pm,

and the gas gain saturates for the hole range of 40+70 um,

the effect on the gain due to hole diameter disuniformity is practically negligible.

Taking into account the planarity of the PCB panels, the possible disuniformity of the various

gluing, the precision of the frame thickness, we estimate a global mechanical tolerance of
~100 um for each gap of the chamber.
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Gap width variation

Effective gain of a GEM detector is the product of the intrinsic gain and the electron
transparency, which depends on the electric field inside the GEM holes and the electric
field of the various gaps.

Since the electric field can be assumed constant across the gap, its value is done by the
ratio of the voltage difference applied to the electrodes and the thickness of that gap (V/d).

Therefore, a local variation of the gap thickness (dgap) will correspond to a variation of the
electric field in the gap (dE gap ) and consequently to a variation of the effective gain,
0G_ , through the changes induced on the electron transparency, T :

ogap —= 0Hgp — 01 =% 0Gys

Since the effective gain represents the charge collected on the the pads readout,
the measurements of the effective gain has been performed measuring the current

induced on the pads. »



Gap width variation

Drift Velocity (em/us)
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Electron drift velocity as a
function of the drift field for
Ar/CO,/CF ,(45/15/40) gas.
The maximum drift velocity is
reached when the drift field
is set at 3.5 kV/cm
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of the detector

as a function of the drift field.

The red dotted line indicates the value chosen
for the drift field, while the black lines indicate
the range of variation (0.1 kV/cm)
corresponding to a mechanical tolerance

of £ 100 um. The resulting effective

gain variation (0G drift ) is £ 1%. 75



BnusiHue BaprMaumm TONWUHbI NPOMEXYTKOB

Ha Bapuauunu KO3(*)(*)VILWI9HT ra3oBoro ycuneHus

Gap Thickness | Ey;erqa OF tield 0Geyy
(0 gap = + 100 pm)
[mm] [kV/cm] [kV/cm] [%0]

Drift 3 3.3 0.1 l
15t transfer 1 3.5 0.35 3
ond transfer 2 3.5 0.18 3
Induction | 5.0 0.5 -+

Total A Gz 6

Summary of the gain variation due to a mechanical tolerance of £+ 100 yum in each gap of the detector.
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Conclusions on full size detector investigations

The full size detector operated with the fast Ar/CO,/CF, (45/14/40) gas mixture,
demonstrate to be suitable to operate in the harsh environment around the beam pipe
and largely fulfills the requirements of the region M1R1 of the LHCb experiment

The full size detector, constituted by two coupled 20x24 cm? triple-GEM detectors,
have been extensively and successfully tested at the T11-PS CERN facility,
confirming the results obtained in the R&D phase with the small prototypes

A novel GEM foil assembly technique based on the stretching of the GEM foil itself
was developed

The detector construction does not show any critical points
and the construction of the 24 triple-GEM detectors has been started
in the two INFN production sites of Cagliari and Laboratori Nazionali di Frascati
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Side view of the LHCb upgrade detector.
The Scintillating Fibre Tracker will be installed
in the tracking stations located downstream of the LHCb dipole magnet
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MacwTtab BpeMeHMU

2000 — 2008 Ctpoutenbcteo LHC
2008 — 2010 HacTpouka yckoputens
2010 - 2013 Run 1

2013 — 2015 Long Shutdown 1

2015 - 2018 Run 2

2018 — 2022 Long Shutdown 2

2022 — 2026 Run 3



