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)\> Particle detection

Study the particles ( mass, chargeS, interactions...)

Use them ( identity, time, momentum, trajectory)

¢ detect as precisely as possible, if possible without interfering
with the particle

¢ use an interaction strong enough to “see” a maximum of
particles and weak enough to conserve their characteristics
(energy, momenta)

w Best choice: electromagnetic interactions
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- Charoed particle interaction with matter

¢ inelastic collision with the electrons (the most frequent)
- electron changes its orbit: atom excitation
* electron ejected (ionisation)
- electron ejected with lots of energy and can continue to ionise the medium: & ray

¢ elastic collision with the nuclei

w energy loss and deflection

¢ quantum processes : statistical fluctuation though weak on macroscopic distances

¢ mean energy loss per length unit
dx

dFE o o oINaZ 1 2m.c?Boy* 5 0
— = —47mrimec z” =~ |In — p* — =
dz A p? IV1+e 2

lonisation : creation of positive ions and electrons in the medium = the free charges
(current) can be used to detect the particles
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LRC \Spaual resolution & digital detectors

- Detector segmentation : if the position of the detector element is known, gives the particle
position

- Digital readout : yes/no response to the particle passing through
- Multiplicity : number of detector elements responding to the particle passing through

- Example of resolution in digital readout for a detector element of size L and multiplicity 1 (no
charge sharing between neighbour detector elements)
* true position: uniform between (x-L/2, x+L/2)
* measured position: X
* uncertainty on position: (-L/2, L/2)
* resolution: L/sqgrt(12)

R L/2 ) ) L/2
o, = / (2> —-<z>%)de :f
‘” ~L/2 —~L/2
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\From position to trajectory
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W= mean energy to create a electron/ion pair

M
MY _ .
LK\GaS detectors: basics ...

(~ 30 eV)

Gaz | lonisation (eV)| W (eV)
H, 15 37
He 25 41
N, 16 35
0, 12 31
Ne 22 36
Ar 16 26
Kr 14 24
Xe 12 22

CO, 14 33

CH,4 13 28
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Particule

yad

Cathode

Drift velocity:

E
V= #F p(électron) ~ 1 m?.V-1s Tatm ~ 1000u(ion)

v~ 10" m/s for 10kV/m and atmospheric pressure

~ 1 us to collect the charges over 1 cm ...



M
MY Discovery: Anderson & Neddermeyer, 1936
Phys. Rev. 50 (1936) 263

Fi1G. 13. Pasadena, 4500 gauss. A complex electron
shower not clearly defined in direction, and three heavy
particles with specific ionizations definitely greater than
that of electrons. The sign of charge of two of these heavy

Fic. 12. Pike's Peak, 7900 gauss. A disintegration particles represented by short tracks cannot be determined,
produced by a nonionizing ray occurs at a point in the but the assumption that they represent protons is con-

0.35 Lz vl ( hicl faa LT sistent with the information supplied by the photograph.
cm lead plate, from which six particles are ejected. The third heavy track appears above the 0.35 cm lead

One of the particles (strongly ionizing) ejected nearly plate where it has a specific ionization not noticeably
vertically upward has the range of a 1.5 MEV proton. Its different from that of an electron. It penetrates the lead
energy (given by its range) corresponds toan Hp=1.7 X 105, plate and appears in the lower half of the chamber as a
or a radius of 20 cm, which is three times the observed nearly vertical track near the middle. Below the plate it
value. If the observed curvature were ])l‘()(]ll(‘(‘(l entirely by -ﬁhm\h a greate r.mm/ ation ll].m_.m elec ll(»ll._.’l}\«] is deviated

8 bl e e . Wdin e 0 in the magnetic field to indicate a positively charged
magnetic deflection it would be necessary to conclude that particle. Its Hp is apparently at most 1.4 X 10% gauss cm,
this track represents a massive particle with an e/m much which corresponds to a proton energy of 1 MEV and a
greater than that of a proton or any other known nucleus. range ol only 2 cm in_lhv ('h.’ln_nhcr, \\'h('l_'(‘;lS the observed
As there are no experimental data available on the multiple range is greater than 5 cm. A difficulty of the same nature

was discussed in the description of the previous photograph.
scattering of low energy protons in argon it is difficult to
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Cloud chamber (C. Wilson, 1895, 1896)
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Charged particle Free ions Condensation droplets
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MY Mass: Steve & Stevenson, 1937
LN

In these experiments already two types of muon detectors :
= Cloud chamber (Precision tracking)
= Geiger tubes (Trigger & veto)
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The first to measure simultaneously the
momentum and the ionisation density :

e cloud chamber triggered by anti-
coincident Geiger counters in
order to increase the observation
of the slowed down tracks

e B=3500 G
e expansions shifted by 1 s in order

to allow the droplets to diffuse and
be counted.

Geiger tubes

Lead
absorb)

Cloud
chamber
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- 1948: Kodak highly sensitive emulsions
LN led

1949: Powell detects the pion and u deca

T e . \\’ f !
S— " o : 3 ; :
’ ‘ ----...~‘~ y ',. 2 . © - a < c.
' ?“'\\.‘ " R Y i e o« 3
. p ‘\‘-‘ . L : ame ',‘
: : \ gl ¥, L - iy !
& b M, P
b ‘ : —
| 2 J:
e I 1

1O microns

C. Carloganu 15.07.2016 Muon detection



Ml_M) .
IK\Gelger Muller counter (1928)

*  Tube filled with inert gas + organic vapour
= High voltage between wire and tube
» Central thin wire (20 — 50 um)
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Charged particle ionizes the
gas, the electrons move to
towards the anode wire, the
ions towards the tube wall.

Strong increase of the field
close to the wire

When E>10 kV/cm the
electrons start ionizing
themselves the gas, leading to
an electron avalanche and a
measurable signal on the wire

The organic substances act as
“guencher”

Signal amplification through avalanche if electric field > 1 MV/m

Nb of electrons /dx : dn = nadx, with a = Townsend coefficient. Typically 104
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LK\POSI’EIOH detection : trackers : drift chambers

A natural evolution of the MWPC was the drift chamber, it solved a number of shortfalls

of the MWPCs.
First studies: T. Bressani, G. Charpak, D. Rahm, C. Zupancic (1969)
First operation of a drift chamber: A.H. Walenta, J. Heintze, B. Schirlein (NIM 92 (1971) 373)

“ By measuring the arrival time of the
signals on the wire the distance
between track and wire is determined | e .V-—ﬁm'-l_

i ' i : : cintill
= Using this technique spatial resolutions
much below 100 um have been

achieved

« At the same time the number of wires

in a drift chamber is drastically reduced Measure arrival time of

compared to a MWPC it y®anode| electrons at sense wire
relative to a time L.

SP e

«  Drift distances can extend to several
cm;

.  —b X = I v, (t)dt
low field region high field region
—® drift —p gas amplification

@ Joerg Wotschack
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LK\ATLAS . drift chambers

Tile

Barrel Inner '
Calorimeter

Toroid Solenoid Detector

RPCs

Liquid Argon
Calorimeter

End-cap
Toroid

25 m

CSCs

Shielding

In ATLAS 375 000 drift tubes are used as
precision muon detectors, arranged in
1200 chambers, each consisting of 6 or 8

tube layers.
*  They cover an area of about 5500 m2.

“  The largest chambers employ drift tubes
of >7 m length.
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LK\ATLAS . a sector of drift chambers

30 mm tubes ...
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LK\ Muons: Id card
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Muon momentum

@ Particle Data Book
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Graphite

Verre

Avalanche mode: total mean MIP charge 2.6pC, RMS: 1.6pC

\

Muon

Gas: 93.5% TFE, 5% CO2, 1.5% SFg4

Efficiency

LK\Posmon detection : trackers : resistive plate chambers (RPC)

Efficiency vs. HV & track incident angle
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http://arxiv.org/find/physics/1/au:+Bedjidian_M/0/1/0/all/0/1

MlM) o | |
LK\Trackers & timing : multi-gap RPC (Santonico, 1995)

) )

uniform

high electric field

+ kV + kV @ Crispin Williams

|4

To improve time resolution: record Solution: add barriers within the gas gap to
only the very first avalanches ...

. . stop development of the avalanche
but we want amplification...

Efficiency [%6]
100 — e
90
80 o efficiency mrpct [%]
) efficiency mrpc2 [%)
24 gap MRPC each gap 140 micron 70
60 Time
. o » . resolution [ps]
~ hundreds of microns position resolution o O Time resolution of mrpc 2
: : 0 2 \9\6——/ ”
~ less than 30 ps time resolution % s s
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10 5 5
0

0
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LKM) Gas detectors: Micromegas

Giomataris et al, NIM A 376 (1996) 29
@ CALICE Micromegas, LAPP Annecy

particles
drift electrode
— — — HV
E Conversion gap E
) ~
>
ot 8
................................. I Omes eana HV,

Operating principle
Amplification gap

Ionisation in 3 mm gap

50 kV/em

filled with argon

30 pairs in 3 mm from MIPs

Drift
Collection at the mesh 1n 50 ns

I Readout

Multiplication in 128 um gap
By factor > 104, controlled by the mesh voltage Takes ~1 ns for electrons and ~100 ns for ions

MIP signal between 1-20 fC depending on mesh voltage
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LK\GaS detectors: Micromegas + drift chamber

LSBB A -

Laboratoire Souterrain a Bas Bruit
Low Noise lter Disciplnary Underground Scence & Tedwology

Both the position and direction ( ~degree resolution)

C. Carloganu
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Drift cathode

-3000V

lonization!

Pillars

Resistive layer

X tracks ‘

Y tracks ‘ Micro NeE sh

Muon detection

AN NAmpliiiediion
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IKM) Position detection : trackers : scintillators

Principle MuRAVES detector

some of the energy deposit excites the atoms m

the atoms get back on ground state by emitting photons

Most commonly used organic scintillators (cheap, easy to use,
rather fast)

Light read by photomultipliers or SiPMs

Position resolution : ~ cm, time resolution ns
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Mlm) L . .
PO Scintillating Fiber tracker (LHCb)

* 3 stations

* 4 detection planes (XUVX) per station
* 12 modules per detection plane

* 16 SiPMs per module (width ~530mm)

readout

1 module

(@ Fred Blanc

readout

" 2x2.5m

4 Traversing Panticle
’
T | Reflection
F d Claddng Interface

. 2 x 3 m / 1/ £ sl -J':. u-
* Fibers read out at top and bottom ——F——

. . . ° é " ‘*».__n.Ph.()‘(gl‘)q ; ~
* SiPMs + FE electronics + services in a “Readout Box 0 Tz ‘
"' pped Light
/ .-"'. av
Double Cladded SClntlllatlng ﬁbreS Kuraray SCSF—78 , @:250“}’1‘1 \_ Scintillating Core n = 1.60
; First Cladding n = 1.49

. - Second Cladding n = 1.42
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Scintillating Fiber tracker (LHCDb)

~—

< 100um resolution

mean position

signal
amplitude
pos
’ |
e - | )

= . channel
|
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< | ] ‘ Y fired pixel
u Al mmmy R
P npy photon
[ | '31? |
=
]
|
fibre ’ >
o Ndel N
~ Lparticle Fibres relative position within 16um (5% layer)

@ Fred Blanc
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LK\Cherenkov effect

Only if B> 1/n 1
cos) = —

Cone Cerenkov

ct/n

D=

Particule

vt Particule

A=Y
/

n>1

d*N

Number of emitted photons depends on [3: ~ 370 sin2 0 eV_lcm_l
dEdz | |

EG for a particle with 3 ~ 1

. in air n = 1,00029, § = 1,4°, dN/dz = 0,3 cm*

+ in water n=1,33, 6 = 41°, dN/dz = 200 cm?

Cone detection -> tracker
Cone angle and/or number of photons -> 3
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LK \Cherenkov telescopes : CTA

secondary optics is a monolithic 1.8 m diameter mirror

Camera
Secondary
Mirror

DN /54
) m ' / Primary
; Mirror

Particle

The primary mirror of the telescope has a 4.2 m diameter
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0.105

\Cherenkov telescopes :CTA

B v/1—(n cos O)

Saturates towards
50 GeV @ 1800m

- i . ‘

https://arxiv.org/pdf/1511.01761v1.pdf

S

5

Ring centre = muon arrival direction with respect to the telescope optics axis. precision ~ 0.14°

detect muons by collecting in a single ring the light emitted along the last ~100 m of its path towards the primary mirror

energy threshold ~20 GeV and the muon hits the primary mirror up to an off-axis angle of 3.6°

C. Carloganu
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P Water Cherenkov detectors: ANTARES

Timeo(ns\f, position 0(10 cm), amplitude 0(30%)
of PM signals = muon trajectory
oP
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LK\Water Cherenkov detectors: ANTARES

| L; + d; ta.n(ec) 10|
Licer = to p ‘ (4-300 GeV)
-2
10
-3
10 3
~~ Frontd’onde ‘
.. Tcherenkov o
o L. . AU WL
S B -10 0 10 20 30 40 50
At (ns)

Ep > 10 TeV = ~ 0.2°
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TSN

“Mass measurement”

dE/dx

45 |

35 |

25 |

15 |

05 |

Particle identification

protons

kaons

électrons

pions, muons
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p(GeVic)

Muon detection

B measurement : time of flight

Over 2.5 mand 1 GeV:
o 7 : 84 ns

o K*:93ns
e p, p: 11,4 ns

~ hundreds of ps/ns achievable with fast
scintillators

~ better than 100 ps achievable with Multi

Gap Resistive Plate Chambers

|dentification of charged hadrons between
0.6 and few GeV where dE/dx is not feasible



