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Professional Experience: International Collaborations
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1995 2000 2005 2010 2015 2020
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5 GPDG:

199371 2003: HERA-B Experiment at DESY / HERA, Hamburg  gats = & 1
2003 7 2006: ATLAS Experiment at CERN / LHC, Geneva .l L RUCLE
2004 1 2011: DZero Experiment at Fermilab / Tevatron, Chicago ' " = =, :

July 2014

2008 i 2023: RD51 Collaboration ( i MiPcartat er n  Ga s . CERN; SN r
2023, 2008 - 2015 Spokesperson of the RD51 Collaboration
20247 present: DRD1Col | aborati on (nhGaseous Detect
2024 - 2025 Spokesperson of the DRD1 Collaboration

2007 7 present: CMS Experiment at CERN / LHC, Geneva

2007 1 present: International Linear Collider Project in Japan (ILC)

2007 1 present: Particle Data Group (PDG) Collaboration

2024 1 present: Chair of the European Laboratory Directors Working Group
ASustainability Assessment of Fut




rb b i
SllA AP AGER LY
-|F< Dy, Vi 1>~ _‘L |

and a cafeteria

and a tunnel for the
accelerator and
magnets and stuff

Clear and easy
understandable
drawings




Easy
access
to the

and a
Nobel
prize

We will just concentrate on
Gaseous Detectors




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




Gas-Based Detectors: A Brief History
~L., - - AT S | .
'ﬁ," : k? % Parallel PFI’:ti Counter

Pestov : ‘
Counter \
V.Pestov 1982 o

_ — . Resistive Plate Chambers

PC
Proportional Counter

R.Santonico R.Cardarelli 1981

. 4
. MWPC
Multiwire Proportional Chamber &

LA

RER

Gas Electron Multiplier
F.Sauli 1997

uM

Micromegas
|.Giomataris et al 1996




Family of Gaseous Detectors with a Glorious Tradition

1908: FIRST WIRE COUNTER USED BY RUTHERFORD
IN THE STUDY OF NATURAL RADIOACTIVITY

E. Rutherford and H. Geiger , Proc.
Royal Soc. A81 (1908) 141

Nobel Prize in
Chemistry in 1908

1928: GEIGER COUNTER

Fio 2omm stee) ball sdldzeed
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Walther Bothe
Nobel Prize in
ﬂ Physics 1954 for

t he ficoi.i
met hod?o

H. Geiger and W. Mller,
Phys. Zeits. 29 (1928)
839
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1968: MULTIWIRE PROPORTIONAL
CHAMBER

Charpék

Calude
%ard

G. Charpak, Proc. Int. Symp. Nuclear
Electronics (Versailles 10-13 Sept 1968)



1968: MWPC 1 Revolutionising the Way Particle Physics is Done

Before MWPC: 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,
(MWPC), which revolutionized
particle detection & HEP,
and marked transition

from Manual to Electronics era

AR ECLRS AR

BOFLAN  ORLAXIZATION
”~ 0
THE SuF o ot IR M "V\>l~" 7-'- o I

Al mageo & ALogi
tradition combined into the
AEl ectronics | m
during the 1970ies




Multi-Wire Proportional Chambers T Particle Physics Spin-Off
Biospace: Company Founded In 1989 by Georges Charpak

http://www.biospacelab.com:

2
) (,} f @ Our digital autoradiography system leverages
| ; g Vi ;l} | the gas detection technology invented by our
[ii_;' - fo founder Georges Charpak:
; n Nobel Prize in Physics in 1992.
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' ~ 2000: LOW-DOSE
3D IMAGING

COMMERCIAL AUTORADIOGRAPHY
SYSTEMS WITH GASEOUS DETECTORS
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1984: Discovery of W and Z Bosons at UA1/UAZ2

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 tracf:gs) at UA1/CERN

-’



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
WIARS)




time: 0.1 ns




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 1 hole pairs in solid state material A ionization in gas

7 R S »

F . \“‘l 3 \. \ A »
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Fiber Trackers: A scintillation light detected with ) o .
photon detectors (sensitive to single electrons) T Noemwmmenam

cluster

INTERNATIONAL CONFERENGE ON INSTRUMENTATION FOR CoLLIDING BEAM PHysics

Novosieirsk, Russia
St 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
fibres

Commissariat a I'Energie At omigue et E'-nr_'rj‘;':'e-'.s' Alternarives {CEA) Saclay, DRF/ARFU/DPHP,
Q191 Gif sur Yve "ance

LHCb Tracker Upgrade (Sci-fibers with SiPM readout): E-mail: maxin.




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.

Atthe 100 e mi 1 mm scale:

Photo-electron

ITonisation

Attachment

1] ~ 7 3 N -~ .‘.‘Lv
riiectron path

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

T — —

There are opt|m|zed 0:—%:—‘ ]
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eﬁ::‘—l'?f*‘ M (electron
s-of m ag nltude




(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 PR —

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 o - lonization x-Section
A Coulomb interactions of charged _ 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

Detection efficiency of a perfect detector is limited to:
A for thin qp+ A w O Eai belsignifiantly lower than 1
GAS (STP) thickness e ( %

ionization

) Helium
= primary +

_Primary secondary
lonization jonization

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, _—
Particle Data Group (2024) Gas Density, FE. Ey Wr  dE/dz|wim  Np Ny

mgem ™ eV eV eV keVem™!  em™'  em™!

H» 0.084 ).8 13.6 37 0.34 h.2 9.2
He 0.179 8 246 413 0.32 3.5 8
Ne 0.839 7 21.6 37 1.45 : 40
Ar 1.66 . 15.7 26 2.3 27 97
Xe 5.495 .4 121 22 6.87 312
CHy 0.667 . 12.6 3( 1.61 : 54
CoHg 1.26 . 11.5 26 2.91 112
iC4H1g 2.49 D 10.6 y 5.67 ! 220
CO2 1.84 ) 13.8 34 3.35 3F 100
CFy 3.78 16.0  35-5: 6.38 52-6. 120

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-ion pairs 4 é L é how ??? A GAS AMPLIFICATION



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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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

[em7]

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 SCATtering 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 thée
Ramsauer-Townsend minimum (at
DO0.5 eV) of the elastic cross-section.
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OAdditives like CO2 &
hydrocarbons are
call ed nqae
or Aadmi xt u

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

V nsl owo, e.g. arsCO2 mixtures
1-2 cm/ps, almost linear
dependence on E-field

V nf ast 0e.qgAMA/ERmMixtures
~10-15 cm/us

Ar-CO, 70-30

V isat ur at e d.0. ArlCHS € 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

CO2 (NAKAMURA)

*
=
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.



Transport of Electrons in Gases: Diffusion

An initially point |ike cloud of electrons will ¢
Gaussian shape. The diffusion depends on the average energy of the electrons. The variance 2 of the
distribution grows linearly with time. In case of an applied electric field it grows linearly with the distance.

E=0: thermal diffusLon

0Col d6 gases are cl ose J
I.e. gases where the average microscopic energy | e
e=1/2mu2 is close to the thermal energy 3/2KT. " T S

CH, has very large fractional energy loss
A low e A low diffusion.

charged particle

Argon has small fractional energy loss/collision A
large e A large diffusion.

diffusion spread




Transport of Electrons in Gases: Diffusion

Electric field alters the diffusion so
that it is necessary to introduce two
diffusion coefficients:

longitudinal diffusion (s,) and
transverse diffusion (s,

1 cm NTP Ar-CH, 9010

S

THIT TR T T T I e T T

DIFFUSION rms (1im)

V CO, is much cooler gas than CH, at
low electric fields A allows to
optimize separately diffusion
properties in the drift and
multiplication regions (but, CH4 is
much better quencher than CO2)

QrTTTTITTT T

Ar-C0, 70:30
CF4 has the largest drift velocity g™ S35l AR
& lowest electron diffusion among o ARCECO, 65305 |
known gases due to the sizeable :
Ramsauer-Townsend dip in the
elastic cross-section which coincides
with a very large vibrational modes
(but, CF4 has a small quenching
cross-section of excited Ar states
and emits light from the far UV to the

visible light)

[wm for 1 cm]

G2

T 107 °-18

A SECTION

E[kV/cm]




