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e HIstory of InstrumentationistVERYENtTertaining

V A look at the history of instrumentation in particle physics

A complementary view on-thenistory of particte physics, which.is
traditionally told from a theoretical point of view

V. _Theimportanceand recognition-of inventions-in the field of
Instrumentation 1s proven by thefact that

A several Nobel Prices in physics were awarded mainly or exclusively
for the development of detection technologies

Nobel Pri zes I n I nstrumentat.i
x 1927: C.T.R. Wilson, Cloud Chamber

x 1960: Donald Glaser, Bubble Chamber

x 1992: Georges Charpak, Multi-Wire Proportional Chamber




Cloud Chamber: Discovery of Positron from Cosmic Rays

1932 C.D. Anderson :

V Particle with positive curvature
and minimum ionisation
(droplets size)

V Track length is at least 10 times
greater than the possible length
of a proton path of this curvature

V Energy loss in a 6 mm of Pb:
compatible with that of electron

Hypothesis (discovery !) :

A particle with mass ~m,
and charge +1, the positron

A First anti-particle

; ERSON
CARL D. AND Cloud chamber

. +magnetic field
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Positron loses
energy in lead:
\, harrower curvature
- *23 MeV at exit

i A

~upward going
ron of 63 MeV
i Py

illi i - i lead plat
FiG. 1. A 63 million volt positron (Hp=2.1X10° gauss cm) passing through a 6 mm
and emerging as a 23 million volt positron (Hp=17.5X10* gauss-cm). The length of this latter pat}
is at least ten times greater than the possible length of a proton path of this curvature.

Discovery of the positron by Cloud Chamber
(1932 by Carl Anderson, Noble Prize 1936)



Bubble Chamber: Neutral Currents Discovery

Invented 1952 by Donald Glaser, Noble Prize 1960
(4.8 x 1.85 m?) chamber with liquid(H,) at boi l i ng poi

Similar principle as cloud chamber:
V Instead of supersaturated gas with a vapor, one would

gesee | | qui d (e . CEEEERERANENNENL DO |
V Charged particles leave trails of ions along its path

A formation of small gas bubbles around ions

Was used TS di scoVEN O°f
(1973 by Gargamelle Collaboration, no Noble Prize)
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1968: MWPC T Revolutionising the Way Particle Physics is Done

Detecting particles was a
mainly a manual, tedious and
labour intensive job T unsuited

for rare particle decays

1968: George Charpak developed
the Multiwire Proportional
Chamber, which revolutionized
particle detection and
High Energy Physics -
which passed from the manual
to the electronic era.

Electronic particle track
detection is now standard
in all particle detectors




nNCl assi c Detector s o: S0 me

®* Cloud Chambers, Nuclear Emulsions + Geiger-Mtller tubes

A dominated until the early 1950s: Cloud Chambers now very popular in
public exhibitions related to particle physics

* Bubble Chambers had their peak time between 1960 and 1985
A last big bubble chamber was BEBC at CERN

® Since 1970s: Wire Chambers (MWPCs and drift chambers) started to
dominate; recently being replaced by Micro-Pattern Gas Detectors (MPGD)

® Since late 1980s: Solid state detectors o dete
are in common use

A started as small sized vertex detectors Bubble chamber
(at LEP and SLC) -

A now ~200 m? Si-surface in CMS tracker chamber(s)

Charpak

% Most recent trend: silicon strips &
hybrid detectors, 3D-sensors, CMOS

Monolithic Active Pixel Sensors
(MAPS)




State-of-the-Art in Tracking and Vertex Detectors
T o da @ maor technologies of Tracking Detectors:

Silicon (strips, pixels, 3D, CMOS, monolithic): Gaseous (MWPC, TPC, RPC, MPGDs):
A electron i hole pairs in solid state material A ionization in gas

Fiber Trackers: A scintillation light detected with ) o .
photon detectors (sensitive to single electrons) T Noemwmmenam

cluster

i

INTERNATIONAL CONFERENGE ON INSTRUMENTATION FOR CoLLIDING BEAM PHysics

Novosieirsk, Russia
S il M. Titov, JINST15 C10023 (2020)

Next frontiers in particle physics detectors: INSTR2020
summary and a look into the future
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M. Titov

704101'.\‘('/51:133'1 Commissariar @ I'Energie Atomigue et Energies Alternatives (CEA) Saclay, DRF/IRFU/DPHP,

Q191 Gif sur Yve

LHCb Tracker Upgrade (Sci-fibers W|th SlPM readout): E-mail: maxin.



@ NCl assi co Detect
touch...)

& Advancing Concepts Tracking
Detectors: Silicon / Pixel
Detectors (G. Calderini lectures)

& Advancing Concepts Tracking
Detectors: Gaseous Detectors

& Advanced Concepts in Particle
Identification (PID) & Photon
Detectors

& Advancing Concepts in
Picosecond-
Timing Detectors

& Advanced Concepts in
Calorimetry

& Advanced Concepts in TDAQ,
Computing




Gaseous Detectors: A Brief History

: PPC
Geiger Counter
H_Geigerw_Mueuemgzg é Parallel Plate Counter

PC
Proportional Counter Pestov

Counter

V.Pestov 1982 s
— Resistive Plate Chambers

R.Santonico R.Cardarelli 1981

MWPC
Multiwire Proportional Chamber &

G Charpak et al 1968 TPC ,
1| ' l | | | ‘ Time Projection Chamber i
| D.R.Nygren et al 1974 .

MSGC . Y &

Microstrip Gas Chambers [§
A.Oed 1988 i

uM
Micromegas
|.Giomataris et al 1996

lnig




Gaseous Detectors: Working Principle

a charged particle passing
through the gas ionizes a few
gas molecules;

the electric field in the gas
volume transports the
lonisation electrons and
provokes multiplication;

the movement of electrons
and ions leads to induced
currents in electrodes:

the signals are processed and
recorded.

Example:

A
A
A
A

10 GeV muon crossing

Gas mixture: Ar/CO2 (80:20) %

Electron are shown every 100 collisions,
but have been tracked rigorously.

lons are not shown.

At the 100 e mi 1 mm scale:

Photo-electron

ITonisation

Attachment

1] ~rt ATy 1 -~ .‘.‘;.v
riiectron path

x-Axis [cm]
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V' Effectively quite light in terms of gm/cm2:
scattering in particle physics S

S =

There are opt|m|zed o:—g:—‘ ]

V. Gas gain, M (electron
~ »—orders-of mag nltude
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(Gaseous Detectors: Signal Generation

V lonization statistics in gas

V Charge transport in gas

a) Diffusion
b) Electron and ion mobility Ry
c) Drift velocity 5 Z P —

V Loss of Electrons /
Attachment

VV Charge multiplication/
Gas Amplification

Efficient Gaseous Detector development (energy deposit, electric fields, drift velocity
& diffusion, attachment and amplification) is today possible
with existing precise and reliable simulation tools



Gaseous Detectors: lonization Statistics (1)

TOTAL IONIZATION: The actual number of primary electron/ion pairs
(n,) is Poisson distributed:

U Primary electron-ion pairs o1 - lonization x-Section
A Coulomb interactions of charged _ \y ne : Electron density
particles with molecules L : Thickness
A typically ~ 30 primary ionization
clusters /cm in gas at 1 bar

U Secondary ionization: clusters
and delta-electrons A on average
90 electrons/cm in gas at 1 bar Number of primary

electron/ion pairs in
frequently used gases:

(deposits
are not
always

MNprim (cm=1 atm-1)

Detection efficiency of a perfect detector is limited to:
AT OUwUT B O wognrb& sigditcanitlyJowen an 1
GAS (STP) thickness e ( %
/ ionization
= primary +

_Primary secondary
lonization jonization

Helium

Argon




lonization Statistics: Table for Most Common Gases

Table 35.1: Properties of noble and molecular gases at normal temper-
ature and pressure (NTP: 20° C, one atm). Ey, Ej: first excitation,
ionization energy; Wy: average energy for creation of ion pair; dE/dx|min,
Np, Np: differential energy loss, primary and total number of electron-ion
pairs per cm, for unit charge minimum ionizing particles. Values often
differ, depending on the source, and those in the table should be taken
only as approximate.

Review of Particle Physics, Gas Density, — F,  Ej Wi dE/dz|wmin  Np Nt

Particle Data Group (2024) mgem ™ eV eV eV keVem™! em™! em™!
Ho 0.084 13.6 37 0.34 5.2 9.2
He 0.179 24.6 41.3 0.32 3.5 8
Ne 0.839 21.6 37 1.45 ‘ 40
Ar 1.66 15.7 26 2.53 25 97
Xe 5.495 12.1 22 6.87 312
CHy 0.667 12.6 3( 1.61 : 54
CoHg 1.26 11.5 26 2.91 112
iC4Hyg 2.49 10.6 : 5.67 i 220
CO9 1.84 13.8 34 3.35 35 100
CFy 3.78 16.0  35-5: 6.38 52-6: 120

N o000 LS s o
A R RN oo’

Ar/CO, (70/30): Np = 25-0.7 435 - 0.3 — 28P4,

cim

N; ~ 100 e-ion pairs during ionization process (typical number for 1 cm of gas) is not
easy to detect A typical noise of modern pixel ASICs is ~ 100e- (ENC)
Need to increase number of e-ionpairs A é L é how A GASAMPLIFICATION



Transport of Electrons in Gases: Drift Velocity
CHARGE TRANSPORT DETERMINED BY ELECTRON-MOLECULE CROSS SECTION:

ARGON (1997)

ELASTIC
S-LEVEL EXC.
P-LEVEL EXC
D-LEVEL EXC.
IONISATION
SUMOF EXC.

10**-16 CM**2

*
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o
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w
b

P 10 100
ENERGY EV.

Magboltz: microscopic e transport

» A large number of cross sections for 60 molecules...
» Numerous organic gases, additives, e.g. CO,:
_ elastic scattering,
_ 44 inelastic cross sections (5 vibrations and 30
rotations + super-elastic and 9 polyads),
. attachment,
. 6excited states and
~ 3 ionisations.
p noble gases (He, Ne, Ar, Kr, Xe):
_ elastic scattering,
~ 44 excited states and
7 ionisations.

is li Vibrations V(ijk
» CO, is linear: ibrations V (ijk)

»PO-C-0

YT

3

[emT]

ES Vibration modes are Total cross section |

numbered V(ijk)

» i: symmetric,

» j: bending,

® k: anti-symmetric.

Cross.section

Vibration sum ]

JA\T

10 I()2
Electron energy

LXcat (pronounced elecscat) 1s an open-access website for collecting,
displaying, and downloading ELECtron SCAT'tering cross sections
and swarm parameters (mobility, diffusion coefficient, reaction rates,
etc.) required for modeling low temperature plasmas. |[...|”

Lxcat:
http://www.Ixcat.laplace.univ-tlse.fr/]

Magboltz:
S. Biagi, Nucl. Instr. and Meth. A421 (1999) 234
http://magboltz.web.cern.ch/magboltz/




Transport of Electrons in Gases: Drift Velocity

Large drift velocities are achieved by
adding polyatomic gases (usually
hydrocarbons, CO2, CF4) having large
inelastic component at moderate
energies of a few eV A electron
ocoolingo into the
Ramsauer-Townsend minimum (at
DO0.5 eV) of the elastic cross-section.
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E
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of t he
Additives like CO2 &

hydrocarbons are
call ed hAque
or N a diniE—

Large range of drift velocities in gases:
1 .... 10 cm/ps; typical categories:

V nsl| owo, e.g. AarsCO2 mixtures
1-2 cm/ps, almost linear
dependence on E-field

V nf ast 0e.qgMA/ER mixtures
~10-15 cm/us

Ar-CO, 70-30

V nsatur at eed).Ar/GH4;s e s g
e.g. Ar/CH4 (90/10) 1 drift velocity . Ar-CH_90-10
less sensitive to-Eeld variations and _Ar
nearly constant (useful for drift ; '
chamber operation)

DRIFT VELOCITY (cm/s)




Selection of Gas Mixture: Quenching of Photons

% Slight problem in gas avalance
A Argon atoms can be ionized but also can be brought into excited states

A Exited Argon atoms can only de-exite by emission of high-UV photons

consequence: UV photons
(>11.6 eV) hit surface
of metals (cathode)
and free new electrons,

lonization enerqy of Cu=7.7 eV

10**-16 CM**2

*
=
o
-
o
w
wn
>

CM**2

VERY unstable
ENERGY EV. operation

® Solution

* 10**-16

A Add gases with many vibrational and
rotational energy levels: CO,, CH,

=
=
-
(&)
w
(7]
>

A Absorption of UV photons over a wide energy
range; dissipation by collisions or dissociation , :
Into smaller molecules (see aging effects) ENERGY EV.



Single Wire Proportional Counter: Avalanche Development

Thin anode wire (207 50 um) Avalanche development in the high electric field
coaxial with cathode around a thin wire (multiplication region ~< 50 um):

Electric field: GeoraEs CHaArRPAK, Nobel Lecture
| eember‘;g}d 1992

Drift region in Drift region in
variable field constant field

Field along
X axis

S
he] k=1
[ @
= =
& 2
= 3]
o c
@2 ]
w ™

>

<

Field along
y axis

0.01 0.1
Distance from centre of wire (cm)

Strong increase of E-field close to the wire Different stages in the gas amplification process
next to the anode wire.

A electron gains more and more energy
Above some threshold (>10 kV/cm)

A electron energy high enough to ionize other
gas molecules
A newly created electrons also start ionizing

Avalanche effect: exponential

increase of electrons (and ions) E‘“‘”“E;‘;g‘f AROEE

Measurable signal on wire

A organic substances responsible for
fguenchingo(stopping) the discharge

Cloud track picture of a
single electron avalanche




Wire Proportional Counter: Signal Development

Assuming that the total charge of the avalanche Q is produced at a (small) distance | from the
anode, the electron and ion contributions to the induced charge are:

at/
- :Q ﬁ d_\/dr=_£ n——
VO a dr

g

The total induced signal is

"~ In(@+/)-Ina
The ratio of electron and ion contributions: q— —¥

g- Inb-In@+/)

For a counter with a=10um, b=10m: g/g* ~1% The electron-induced signal is negligible

Neglecting electrons, and assuming all ions leave from 0ns_——
the wire surface:

—~T - R
q(t) B q (t) - ndq signal after electronics shaping
(RC hlght-:}“_'::iézlll_:‘.:{;';tsr; different
0 a .
q(t)=- s Ingg+ ’ﬁcvgtg:- QC e+ L4
2pey ¢ 2pga” = 2p& ¢ tof

Total ions drift time:

pure signal (no electronics shaping)
from ions drifting away from anode wire



Operation Modes of Gas Detector: Gain-Voltage Characteristics

V lonization mode (I1):
A full charge collection, but no

Geiger-Miller
I counter |

multiplication i gain =1
Region of limited
V Proportional mode (lll1A): necorcrapn | PRpotionay’ )
A Multiplication of ionization starts; detected before collection
signal proportional to original ionization A
possible energy measurement (dE/dx)
A proportional region (gain ~ 1037 10%)
A semi-proportional region (gain ~ 10%71 10°),
space charge effects
A secondary avalanches need quenching

lonization Proportional

: chambr counter

| Discharge
region

V Limited proportional mode (saturated,
streamer) (lIIB):
A saturation (gain > 10°9), independent of
number of primary electrons
A streamer (gain > 107), avalanche along the
particle track

©
Q
“—
Q
2
[}
Q
)
c
e
Y
O
.
@
Q
£
=
P4

V Geiger mode (IV):
A Limited Geiger region: avalanche
propogated by UV photons;
A Geiger region (gain > 10°), avalanche along
the entire wire Voltage (V)

750




Multi-Wire Proportional Chamber (MWPC)

Simple idea to multiply SWPC cell 4 First electronic device allowing high statistics experiments !!

High-rate MWPC with digital readout:
Spatial resolution is limited to s, ~ s/sqrt(12) ~ 300 //m

TWO-DIMENSIONAL MWPC READOUT CATHODE
INDUCED CHARGE (Charpak and Sauli, 1973)

ﬁm

-

Spatial resolution determined by: Signal / Noise Ratio
Typical (1 . e. overy good6) v
Space resolution < 100 /mm




MWPC: First Presentation and First Large Experiment

Tk CERC e 3 S
LR colloque

international
sur
[’électronique

; : ' : nucléaire
First presentation:

VERSAILLES,
10-13 September 1968

First Large Experiiment:

1972-1983:

SPLIT FIELD MAGNET
DETECTOR: ~ 40 LARGE
AREA MWPCs @ CERN ISR

Chambres a Etincelles
Spark

Secrétaire
scientifique
Scientific
Secretary

chambers

M. FEUVRAIS

Faculté des Sciences -

(France)

Lyon




Multi-Wire Proportional Chamber (MWPC): Wire Displacements

Resolution of MWPCs limited by wire spacing
better resolution 4 shorter wire spacing 4 more (and more) wires...

V Small wire displacements reduce field quality y IIIIIIIIIIHIIIIIIIIIIIIIIMIII

IIW‘:;FHIIII

Table 35.1: Maximum tension Thy and stable unsupported leng th I_u
for tungsten wires with spacing =, operated at Vy = 5 kV. No safety
is included.

Wire diameter ( pm) T (newton) s (mm) Ly (em)
10 0.16 1 25
0 0.65 2 85

V Need high mechanical precision both for ] " | mmmmunlmmnlml
geometry and wire tension ... (electrostatic IIIIIII’IIIII||Ill|I||IIIIIIIIIIHIIIIIIIIIIIIIIIIIHIIII
and gravitation, WwWire | "“l“"““““ |||l|lﬂ|lmﬂ Il ! 0.85

. : : AM’ !!r’! ‘“ "‘ wa;h ‘E‘Mr q@lw q:tll",;r 030

V Several simplifying assumptions are made in m Y , \\ 4,‘“ %S0
analytical calculations: electrostatic force acting ! |‘ \11 Y\‘ mﬂ ll ‘m ﬂﬂ )\
on the wire does not change during wire ||||||||||""‘"""'“"“'“"'“ T

movements, or varies linearly with the IIIIIIIIIHHIIIIIIIIIIIIIIIIIIIIIHIIIII e T

displacement, the wire shape is parabolic; only ‘ SRR ||||H|I|||| IIIIIIIlIlIIIIﬁMIlIIﬂIlI i
B €S at a time. MRS HAA A AR AR AR
. IlIIIIIIIllllllllﬂlllllllﬂﬂI|IIIIlIIlIIIIIIIlIIIlII!III IHHAIE
B fica integrations USing g IIIIIIIIIIIIIIIIIIIII|I|I|IIIIIIIIIIIIIIIIIIIIIHIIIIIIIIIIIHIIlIIIHHﬁHIII

Garfield++ program is to simulate the collective T T T AT

_ _ € i
movement of all wires, which are difficult | near wire: radial field “l"mn““““lm
I (ARTAERBE N RaRANE

analytically, and to consider all forces acting on a
yucally ¢ far away: homogeneous field

wire: forces between anode wire and other |
electrodes (wires, cathode) & gravitational force  [TMmmmumrnmmiwmim sl il




Drift Chambers

FIRST DRIFT CHAMBER OPERATION (H. WALENTA ~ 1971);
HIGH ACCURACY DRIFT CHAMBERS (Charpak-Breskin-Sauli ~ 1973-75)

THE ELECTRONS DRIFT TIME PROVIDES THE DISTANCE OF THE TRACK FROM THE ANODE:
Choose drift gases with little dependence v,(E)- linear space - time relation r(t)

Measure drift time tp
[need to know to; fast scintillator, beam timing]

Determine location of original
ionization:

T T
drift velocity

r=x9+vp-tp

R o
o Ar 93 1sobu|une

If drift velocity changes o A 865

0 Ar 8

along path: to x Ar 75
r= / vp dt in e
0

| © Ar 162 | |

26 . 800
drift field  [v/cm]

1 1 2D
—\@nz) = T e

L ) L ) 1
1% jonization statistics diffusion electronics
&-electrons

In any case:

Need well-defined drift field ...

Typical single point resolutions of drift chambers:
} ? 50...150 um depends on length of the drift path

Wimsm \% pri_mar_y iqnizgtion statis_tics how many ion

. : T . pairs, ionization fluctuations dominates close to
T T T T T T = - - - T = electronics _| the Wire

diffusion of electrons in gas: dominates for large
drift length

electronics: noise, shaping characteristics

constant contribution (drift length independent)




UA1 used the largest wire / drift chamber of its Discovery of W and Z bosons
day (5.8 m long, 2.3 m in diameter) C. Rubbia & S. Van der Meer,

It can be seen in the CERN Microcosm Exhibition

Z A ee (white tracfxgs) at UA1/CERN



