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Complications and Future Directions

* Some Complications

* Space Charge

* Aging

» Green house-gas mixtures
* Future directions

» Micropatterns to improve spatial resolution
* Timing improvements for future colliders




Recall Basic Principle: lonization,
Amplification, Readout
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CHARGE MULTIPLICATION IN UNIFORM FIELD

Mean free path for ionization:
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Space Charge

« With higher particle
flux the build up of
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Space Charge: Resolution Effects

POSITIVE ION BACKFLOW

LATERAL DISPLACEMENT OF ELECTRONS
DRIFTING NEAR A POSITIVE IONS COLUMN

SPACE CHARGE
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Space Charge: Track Distortion

POSITIVE ION BACKFLOW RELATIVE DRIFT FIELD MODIFICATION BSNe e TT\:{c]2
(ALEPH MWPC-TPC)
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Aging

—
AGING * In the plasma that is

valaiiaanitorsaris ompoli Wik Taratbn oh depasiomthinwes created there can be
complicated chemical

reactions between gas

and various pollutants.

* Result is highly reactive
hydrocarbons with high
electronegativity
created

* This leads to insulating
deposits on cathode
and anode
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I Juric and J. Kadyk, LBL-21170 (1986)141 M. Binkley et al,

Nucl. Instr. and Meth. A515(2003)53

* Field distortion, gain
reduction, track
distortion, resolution
worsens
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GREENHOUSE GASES

Scientists at CERN hunt for greener gases
for particle detectors

The Large Hadron Collider discovered the Higgs boson. Now the facility’s researchers are
searching for more environmentally friendly gases to run its detectors

by Sam Lemonick

April 27, 2019 | A version of this story appeared in Volume 97, Issue 17
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What makes a gas a greenhouse gas?

 Recall that the greenhouse effect is caused when radiation
from the sun (peaking in the optical and UV range) heats up
the earth

 Part of that energy absorbed is radiated by the earth as it
cools down

* However, earth radiates significantly in the IR region

» Greenhouse gases in the earth’s atmosphere are those that
are relatively transparent to optical frequencies but highly
absorptive in IR region

* The presence of these gases tends to lead a warming of the
earth as they effectively let heat in but keep it from leaving




Quencher Gas

* Recall from yesterday that besides the main ‘absorber’ gas we
also need a ‘quenching’ gas

* The purpose of the quencher is to absorb photons produced in
the avalanche and stop the process of a “continuous”
avalanche from forming which makes the detector useless as a
detector

* The main properties of the quencher are the ability to absorb
photons with less energy than typical simple atoms. Typically
diatomic or polyatomic molecules with many rotational and
vibration lower energy modes available

* This is exactly the property that makes a greenhouse gas!




Gas Systems
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Gas Monitoring

[ ]
» Mix and monitor the composition of the gas
* Typical results shown below
Ar CSC mixer N2 CSC mixer
™ CSC supply to the detector 1 CSC supply to the detector
§ | CO2 i
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Leaks!

Leak rate per disk/wheel
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Total leak rate: 673 I/h (2018), (11 channels were disconnected during TS2/2017)
860 1/h (2017),
682 1/h (2016).

Nearly ~1000 liters of gas per hour leaked
Into the atmosphere!




Future Directions

* Moving forward we
would like to
continue or quest for

* Radiation Hard
detectors that can
withstand high
radiation
environments

* Improved spatial
resolution to improve
on measurement on
momentum of
particles in the
spectrometer

* Improved timing
resolution to help

::;jrier?wgg/ ggrstifcrfez] of Future Technology ... according

interest from To Al
background particles



Evolution to smaller microstructures

Examples of Amplification Structures
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First Micropattern Gas Detectors
(MPGD)

Drift electrode
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FIGURE 4.22: Schematic representation of a MSGC in operation.
Back plane

* First developed in 1988, smaller structure , more intense
electric fields

* Reduction of space charge effects leads to higher rate
capability with constant gain




Discharges

Some limitations:

% Good performance in high-rate environment, but the operation is limited by the discharge
probability
» Small distance between electrode boosts the possibility for a large avalanche to
develop into a stream between anode and cathode = discharge
» The energy released during a discharge can permanently damage the electrodes

Primary l —— E field line

Ionizat'io?I |

Electron flow it

" lon backflow




New Solutions:

¢ Modern MPGD introduced with the MICRO-MEsh GASeous (Micromegas - 1992) and
the Gas Electron Multiplier (GEM - 1996) technologies
» Specifically developed for high-rate applications with improved longevity and
reliability
» Start of the golden age of MPGDs
» Many variants and daughter technologies based on Micromegas and GEM concepts
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GEMs

SEM picture of a GEM foil

Basic Principle

The concept of Gas Electron Multipliers (GEM) was
introduced by Fabio Sauli in 1996-97 in order to pre-amplify
signals in MSGCs — GEM are one of the main MPGD in use in
HEP experiments
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Electron flow A\ .
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Electrons entering the GEM holes will accelerate in the
intense electric field (~80 kV/cm) and provoke the ionization
of gas molecules, giving rise to an electron avalanche

Multiplication: 1 e input = 20 e output (max 10° ¢°)




Tripple GEM

Basic Principle

A GEM foil 1s NOT a detector, it’s just an
amplification structure

; :|-Drift gap — typically 3 mm

i Transfer gaps 1 and 2 — typically 1-2 mm

}- Induction gap — typically 1-2 mm

=

A 10x10 cm? triple-GEM detector

* GEM foils can be used in a gas volume with a Cathode (Drift) and Anode strips
(Readout) to form a full particle detector

» Using several GEMs in series, we can multiply electrons with gains up to 10% — 103

—> This is the famous Triple-GEM detector




I'he etfective gas gain: a central parameter
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Definition The detection efficiency 1s the probability to detect a
signal when a particle is crossing the detector
—> Property of detector + electronics
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How to measure the tming resolution

TRIGGER SBIT

From DAQ Time Measurement in
Electronics Asynchronous Mode

trigger SBIT!
<«

7| =T T T T

random position of the trigger with respect to the clock

TDC

Delay

TDC Common Stop TDCINPUT

\ Fluctuation due to Fluctuation in Detector p Time Distribution
trigger position

Constant Delay \ I { 7
, 4 A

TRIGGER CLOCK  SBIT - &
’ from DAQ Time Measurement in
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trigger
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cloc! 25 ns SBIT’

ISR |y I I Iy

Delay
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<>
Delay 293ns
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_OV: ncidence = discretization of the trigger

TDC Common Stop TDCINPUT
\ o gt el Fluctistion it D\ete:mr Discrete Time Distribution

Constant Delay I

Y 4 / Time

Measuring the time resolution is complex ... it requires
a full understanding of all elements in the system and a
sufficient precision to identify fluctuations of the order
of the nano second

In practice, we compare the time of arrival of a
reference signal coming from a set of scintillators and
the output signal of the detector under test

Both signals are sent to a Time to Digital Converter
(TDC) which measures precisely the time difference:

* Asynchronous mode: the time resolution is
extracted from the time difference distribution
directly from the TDC

* Synchronous mode: the reference signal is
synchronize with a 25ns clock to represent the
actual bunch crossing scheme in CMS




Future Colliders and Muon Detection

* Many possible machines being discussed

* FCC-ee/CPEC/ILC - Large either circular or linear electron machine with
the goals of producing a large number of Higgs, Z, W events with very
little background and complete kinematic constraints (conventional
technology for muons available today should be good for physics
goals - concentrate on best resolution possible)

« FCC-hh -100 TeV pp machine after FCC-ee (high pileup, high
radiation environment)

« MuCol 1-10 TeV (central region very similar to ee, forward region
very high beam induced background)




Future electron/positron

* Electrons are fundamental particles so essentially every
collision is a fundamental interaction between two point
particles

* In particular, in comparison to the the LHC thereis no
“underlying” event

» Accelerator run such that ~1 fundamental interaction per
crossing, very little background except for some minor Bhabba
Scattering

» Completely kinematically constrained - in proton proton
collisions it is quarks and gluons that are colliding which we
don’t know the z component of the momentum.

e |n e+e- collisions total momentum of initial state is O for the
collision of interest




Electron - Positron Events (LEP) versus

LHC events

EXPERIMENT

$ATLAS

206548301

Run Number: 304431, Event Number: 2

25 05:01:07 UTC




Example Possible FCC-ee detector
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Micro-Rwell detectors

._

The detector architecture

) G. Bencivenni et al., 2015_JINST _10_P02008
The p-RWELL is composed of only two elements:

the u-RWELL_PCB and the cathode Drift cathode PCB
/
/

The y-RWELL_PCB, the core of the detector, is /

realized by coupling: /
. a “suitable patterned kapton foil” as “amplification copper top layer (5um) / x::: :::cmh‘etl:f;':_'so G

Stage” / Kapton thickness: 50 um
- a “resistive layer” for discharge suppression & pic layer (<0.1 um

current evacuation: R~100 MQ/C)

o “Single resistive layer” (LR) <<100 kHz/cm?:
single resistive layer [ surface resistivity ~100
M(I/L] (CMS-phase2 upgrade; SHIP) Rigid PCB readout /

. “Double resistive layer” (HR) > 1 MHz/cm?2;  electrode /

more sophisticated resistive scheme is
implemented (MPDG_NEXT- LNF) suitable for
LHCb-Muon upgrade

-RWELL PCB

. a standard readout PCB

(*) DLC = Diamond Like Carbon
High mechanical & chemical resistant material




How they work

I
Principle of operation
Applying a suitable voltage between top :;’:;”Pe' -
copper layer and DLC the “WELL” acts as 1 _G'IV
multiplication channel for the ionization. %

5
R
kapton 78 A
A
.

The charge induced on the resistive foil is
dispersed with a time constant, r = pC,

determined by InsulatlnqmediW g, tt e

* the surface resistivity, p B s

®* the capacitance per unit area, which depends on the distance between the
resistive foil and the pad readout plane, t

* the dielectric constant of the insulating medium, &, [m.s. Dixit et al., NIMA 566 (2006) 281]

The main effect of the introduction of the resistive stage is the suppression of
the transition from streamer to spark

®* As a drawback, the capability to stand high particle fluxes is reduced, but an
appropriate grounding of the resistive layer with a suitable pitch solves this
problem (see High Rate scheme)




— Single-layer performance

Rate capability in Ar:iCH,, 90:10
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Already prototypes

[
L

uRwell:

Concept proved/Synergy with LHC

1 Focus on Single resistive layer for high rate  #

R&D for large area 50x50 cm?

1 G. Bencivenni et al., 2019JINST14P05014?ﬁ”’ —
1 Industrialization 7

i Cost reduction

i DLC+Cu sputtering

1 2D readout
CMS GE2/1 with 2
uRwell 2mx 1.2 m

FCC Phys. & Det. Workshop, Jan. 2020 F. Bedeschi, INFN-Pisa




FCC-hh environment

* The HL-LHC is expecting
something on the order of
an average of 140 pp
vertices per event

* FCC-hhis envisioned to run
an environment an order of
magnitude more pileup
events ~1000 pp verticies
per event

2-nd layer -2
1-st layer Ic

BP |

Beam spot /-

6z & ot play the crucial role!




FCC-hh Reference detector




Comparison to CMS and ATLAS
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More forward overall ... (in particular SM
physics including W/Z/Higgs is very
forward)
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90% of ‘heavy’ physics will take place in n<2.5.

Increase of acceptance for precision spectroscopy and calorimetry from 2.5 at LHC to 3.8-4 for SM physics.




More magnetic spectrometers!
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What resolution is heeded?

P10t s
© | — p=1GeVic 2!
=& p=1GeV/cin MS limit '

10%;

10°

2 10*

e
o
w

10

8,0 25 20 -10 00 10 20 25 30
‘51600 - S Corval. S
1400 : o
1200F- 4 35
1000; E
8005 3
600 & 0
400E- 2 45
200 | = 50
! (1] T 55
= - e UMD S — -
075600 10000 5000 0 5000 1000015000 0-0
Z [mm]
—=10° :
£ Tilted (triangles), Flat (squares):
S [ —— p=10Tevic

przﬂ)OGaVIc
p,=10GeVic

Effective pile-u
%

o

Plle.uur(ﬂcnm
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== p,=5GeV/c, no timing

p,=10GeVic, no timing /
= CMS ph2: p =1GeV/s, no timing
@ CMSph2:p =1GeV/, bt=25ps -

=1000(140), 0} “=75mm:

Pileup, Timing, Tagging

Average distance between vertices at z=0:

1mm for HL-LHC (140 pileup)
125um for FCC-hh (1000 pileup)

As for HL-LHC, timing can help for vertex identification:
Effective pileup:
Number of vertices that a track of a given p; is compatible with at

95% CL.

For a time resolution of 25ps, CMS can get to an effective pileup of 1
for 1 GeV/c tracks at n = 4.

For an FCC detector the time resolution has to be at a level of 5ps to
get to similar numbers.

The impact of pileup on a given physics analysis depends very much
on the specific channels.
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b-tagging eff.

B-tagging studies:

B-Mesons with very high
py travel far into the
tracker and have a highly
collimated decay tracks.

Traditional taggers have
difficulty in identifying the
decay vertex.

Using the ‘multiplicity
jump’ between tracking
layers due to a b decay can
significantly improve the
tagging performance.

To reject pileup with timing need on the order of 5 ps timing!!




What limits the timing resolution

Particle Particle

HV1

® lonizations occur in different positions along the

particle’s trajectory — ~ ns time jitter for a 3-6 mm

Hv2 conversion region
Amplification . .
st * Diffusion effects

Drit «—

3L mm

100 pim




However... | \

& o

Drift Electrode
-300

3mm

E Field

80
é
=
8
[= A
o
>
o
2
©

&= Readout Strips
@ Resistive Strips

Using the drift velocity (V), we express the
probability that the first electrons will reach the anode

at time t as A" (t) e n(V / L)e-nan

first

z [ 12345
§ Entries 100
©0.16 |- Mean 6.002
£ AMS 5984
3

ns and n=10 we conclude that:
Typical Time Resolution ~6ns

01 |-\ Time Resolution 6ns

A typical MicroMegas cannot
\_\ reach timing resolution at the level
k e of tenths of ps

L 1 L
° 0 2 3 40 %0 60
Time of First Arrkving & (ns)

. \ Setting typical values, i.e. V=50pm/

k
n i |
Begre
Anode
L k-j pairs j-1 pairs 0
— Z

The probability that an e-ion pair has been produced
at Z=z is the same for any value of Z; p=1/L

Then, in case that k pairs are produced, the
probability that the jth pair has been produced at Z=
z is given hv the hinonmial distribuition

X k! k-j.j-
P = epyrgenr @ -0

where x=z/L describes the probability that a pair

is produced in the region 0-z
The probability that the jth pair has been
produced at Z= z for any total number of e-ion
pair w 1 -1 .
80 = gj MOS0 = Aoy n) e
The probability that the last pair (i.e. the closest to the
edge 0) has been produced at Z= z is given by (j-
1=0):
: AL (R)=ne

A (2) = ne™"




lonization statistics place limits on the
timing resolution of order ~5ns

The Physics of Ionization offers the means for precise spatial measurements (high spatial
resolution) but inhibits precise timing measurements

ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE
CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

which is represented in Fig. 8, for n = 34, as a function of the coordinate across a 10 mm
thick detector. If the time of Jetection is the time of arrival of the closest electron
at one end of the gap, as is often the case, the statistics of ion-pair production set an
obvious limit to the time resolution of the detector. A scale of time is also given in the
fi of S an/usec typic 3 th i
bution is about 5 nsec. There is no hope of improving this time resolution in a gas counter,

re, for a collection veloci

! PRINCIPLES OF OPERATION OF MULTIWIRE
PROPORTIONAL AND DRIFT CHAMBERS

unless some averaging over the time of arrival of all clectrons is realized.

F. Sauli

Fig. 8

Statistics of primary ion
pair production: prob-
ability of finding the
closest pair at a distance
x fron one electrode in a
counter, in argon-isobutane
70-30. The corresponding
electron minimun collec-

Lectures given in the
Academic Training Programme of CERN
1975-1976

40 t (nsec) tion time is shown, for a
L typical drift velocity of
2 x (mm) electrons of 5 cm/psec.
GENEVA
1977

lonzation detectors limited to about 5 ns!




The PICOSEC concept

Cherenkov radiator + Photocathode
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Result: improved timing resolution




60_ —®— Anode = 250 V
F —8— Anode = 275 V
4 Anode = 300 V

\ ¥ Anode = 325 V

\ X Anode = 350 V

\\ \ Anode = 375 V

Beam tests: time resolution for MIPs

Same detector as for Laser tests:
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Muon detection at Muon Collider?
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As noted by talk from Karri, large beam induced background
In forward region necessitates large forward sheilding




Large number of electrons, photons,
neutrons from decay in flight and
subsequent shower

—
[=3
~a
T

Y
neutron

i)
glilla

PRI N RIS S B PR IR § B
-2000 -1000 0 1000 2000

Distance from decay point to IP (cm)

—
[=]
-3
T

E
T T

Number of particles per bunch
[ [
(=] (=]
th
T

Iy

[ o

-400 0 400

4 2 0 -2 -4 - -
10 10 10 10 10 10 10 10
Neutron fluence (cmA-2 per bunch x-ing)




Silicon in the far forward region?

Work in progress: Forward Muon Tagging

Br(inv) sensitivity with different

Face of the nozzle: covers 3 < Inl < 6 coverage and o(E)/E assumptions
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B-field & path-length for momentum measurement?
Effects of scattering/energy loss from ~2000 Xo of Tungsten?
What technology can withstand BIB?
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Summary

* Future muon detection will for the foreseeable future require
instrumenting very large volumes of space
« Difficult to get around using gas detectors for reason of cost

* Trending toward continued minimization of structures to
minimize the distance between channels and improve the
spatial resolution and novel new techniques
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