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Scintillators and Gaseous detector
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Tracking

Particle detection has many aspects:

— Particle counting

— Particle Identification = measurement of mass and charge of
the particle

— Tracking
Charged particles are deflected by B fields such that:

By measuring the radius of curvature we can
determine the momentum of a particle

If we can measure also 3 independently we
can determine the particle mass.
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Signal creation

1 Charged particle traversing matter leave excited atoms,
electron-ion pairs (gases) and electrons-hole pairs (solids)

Particle

Excitation: The photons emitted by the
excited atoms in transparent materials
can be detected with photon detectors

lonization: By applying an electric field in
the detector volume, the ionization
electrons and ions can be collected on

= Primary ionization electrodes and readout

= Secondary ionization
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Scintillators

1 dE/dx converted into visible light and
then it is detected via photo-sensor
(photomultipliers, SiPM,....)

1 Main features

— Sensitivity to energy

— Fast time response

— Pulse shape discrimination
1 Requirements:

— High efficiency for conversion of
exciting energy to fluorescent
radiation

Transparency to its fluorescent
radiation to allow transmission of light

Emission of light in a spectral range
detectable for photosensors

Short decay time to allow fast
response
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— Molecule structure generates energy absorption
levels with transition A=360-500 nm 5.
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Inorganic scintillators

meicial | fgomy | x| formac omedon | coneant | eV
Nal 3.7 178 303 | 8-10*

Nal(Tl) 4-10°
CsI(T) 1.1-10°
e 2.8-103
CsF 2.10°

LSO 1.4-10°

PHWO. 210°
LHe 2107

— | 4-10°

o | , 0.003/0.02 4-10°

* at 170 nm
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Organic Scintillators

Scmtullgtor DenS|t3y Refractive Wavelength [pm] Decay time Photons/MeV
material [g/cm®] Index for max. emission constant [ns]

Naphtalene 1.15 1.58 348 11 4-10°

Antracene 1.25 1.59 448 30 4-10%

p-Terphenyl 1.23 1.65 391 6-12 1.2-10%
NE102* 1.03 1.58 425 2.5 2.5-104
NE104* 1.03 1.58 405 1.8 2.4-104
NE110* 1.03 1.58 437 3.3 2.4-104
NE111* 1.03 1.58 370 1.7 2.3-104
BC400™* 1.03 1.58 423 2.4 2.5-102
BC428™ 1.03 1.58 480 12.5 2.2-104
BC443* 1.05 1.58 425 2.2 2.4-104

* Nuclear Enterprises, U.K.
** Bicron Corporation, USA
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Scintillator comparison

1 Inorganic Scintillators Light yield & = fraction of
— Advantages energy loss going into
1 high light yield [typical; €., = 0.13] photons
1 high density [e.g. PBWO,: 8.3 g/cm?]
1 good energy resolution (=»Calorimeters)
— Disadvantages complicated crystal growth EXPENSIVE
— large temperature dependence

1 Organic Scintillators
— Advantages
1 very fast
1 easily shaped
1 small temperature dependence
1 pulse shape discrimination possible
— Disadvantages
1 lower light yield [typical; .. = 0.03]
1 radiation damage

D. Bortoletto Lecture 3




Scintillators

1 Photons are being reflected towards the ends of the scintillator.

1 Alight guide brings the photons to the Photomultipliers where the
photons are converted to an electrical signal.

Scintillator . i
Light Guide Photon Detector

T A

1 By segmentation one can arrive at spatial resolution.

1 Because of the excellent timing properties (<1ns) the arrival time, or
time of flight, can be measured very accurately = Trigger, Time of
Flight.
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Photo-detectors

1 Convert light into an electronic signal by using the photo-electric effect
to convert photons into photo-electrons (p.e.)

1 Requirement :
— High Photon Detection Efficiency (PDE) or

— Quantum Efficiency; Q.E. = N o /N tons

1 Photomultipliers 1 SiPM

Hamamatsu MPPC
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Fiber Tracking

Planar geometries (end cap)

- & A
0 6 -

(d)

Light transport by total internal reflection

Circular geometries (barrel)

« High geometrical flexibility
* Fine granularity

* Low mass

» Fast response (ns)
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Gas Detectors: primary

L

Particle

-
3 Drifting charges

due to electric field

—>

—>

Anode

[e.g. wire or planeg]

e Primary lonization
® Secondary lonization (due to d-electrons)
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Primary and secondary ionization

1 Coulomb interactions between E field of the particle and of
the molecules of the medium produce electron-ion pairs.

1 Minimum ionizing particles in argon NTP
— <np>: 25 cm!

1 Prlmary electrons can ionize the medium producing

tracks in CERN 2m bubble chamber
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Most common gases

Gas p Eg’TCFf')‘3) V) | WiV | g e‘\jf;{?i(mz) n, (em) | n, cm)
H, 838105 | 154 37 4.03 5. 9.2
He 166-10% | 246 41 194 5.9 7.8
N, 117-10° | 155 35 168 (10) 56
Ne 839104 | 216 36 168 12 39
Ar 166-10° | 158 26 147 294 94
Kr 349-10% | 140 24 132 (22) 192
Xe 549 -10° | 121 22 123 44 307

CO, | 186-10° | 137 33 162 (34) 91

CH, | 670-10% | 131 28 221 16 53

CHo | 242-10% | 108 23 186 (46) 195

Quelle: K. Kleinknecht, Detektoren fiir Teilchenstrahlung, B.G. Teubner, 1992
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lonization statistics

1 Multiple ionizing collisions follow Poisson’s statistics:

Typical values of the
mean free path A
« He 0.25cm

* Air 0.052 cm
o;: lonization x-section « Xe 0.023 cm
n,: Electron density
L: Thickness

1 Other important parameters are:

Recombination and electron attachment due to Electro-negative gases which
bind electrons; e.g.: O,, Freon, Cl,, SF, ... =»influences detection efficiency

Diffusion=> Influences the spatial resolution
Mobility of charges = Influences the timing behavior of gas detectors

Avalanche process via impact ionization:=» Important for the gain factor of the
gas detector ...
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Transport of electrons/ions in a gas

1 Diffusion is evaluated using the EBliVS]lelg Clectron
classical kinetic theory of gases [REERSEAES cloud

The diffusion coefficient D,
O'(I”) =~ 0Dt depends on the pressure

P and the temperature T

1 The Mean-free path of electrons/ions in the path

1 The mean velocity according to Maxwell distribution
1 m is the mass of the particle
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Drift and diffusion in E and B fields

1 Transverse diffusion as function of 1 Longitudinal diffusion as

drift length for different B fields function of E field

Longitudinal diffusion in E-field
7 T T i T 171 Tj—[ I [

O =\/E : ‘\/26—
w ek —

\

E Field reduces
diffusion in longitudinal

direction

25% isobutane —
75%argon (theory)

o, (cm, for Icm drift)

ExpCaHz
Lower limit
from temperature
(KT =2,5x102)

B Field reduces diffusion in
transverse direction

i ; 500 1000
E{V/cm, ot lotm)
S0 100

Transport equation is usually solved numerically using programs like Magboltz
and Garfield

D. Bortoletto Lecture 3




Drift and mobility

1 |n an external E-field electrons/ions obtain velocity v in addition to thermal
motion; on average electrons/ions move along field lines of electric field E

Typical values of vy

« E~1kV/cm

* v4y=cm/ms for ions
* vy=cm/us for e-
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* | + Since the collection time is inversely proportional to the drift velocity,
diffusion effects are reduced in gases such as CF, that have high drift
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Avalanche Multiplication

1 The primary ionization signal is very small in a gas layer: in 1 cm of
Ar/CO, (70:30) at NTP only ~100 electron—ion pairs are created =»use
an “internal gas amplification” mechanism to increase signal

1 Large E fields =»large electron kinetic energy =»avalanche formation
—dn =n adx a=Townsend Coefficient

— n(x) =n, e n(x)=electrons at location x

1 Gain or Amplification is:
lons

Electrons

1 Raether’s limit G=108, since
after that sparking can occur Drop-like shape of an avalanche
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Avalanche multiplication

lonization Probability
| T T |

Q/p (ION PAIRS /cm x mm Hg)

E/p (V/cm x mm Hg)

1 Need an energy of 75-100 eV for s E=75 kV/cm to reach a=1
High ionization probability (and
need to gain it in a few um)
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Gas amplification factor

lonization mode: full charge
collection; no amplification; G=1
Proportional mode: multiplication;
signal proportional to original
lonization = measurement of
dE/dx. Secondary avalanches
needs quenching; G =104-10°

Limited Proportional (Saturated,
Streamer mode): strong photo-
emission; Require strong

quenchers. High gain 101%= large

signal, simple electronics

Geiger mode: Massive photo
emission. Full length of anode
affected. Discharge stopped by
HV cut

Number of lons collected

101()

@

o
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Proportional Counter

1 Cylindrical proportional counter:

Single anode wire in a cylindrical
cathode

E~1/r: weak field far from the wire
electrons/ions drift in the volume

multiplication occurs only near the
anode

Close to wire E-field
very large
 Use thin wire

1 The kinetic energy of the electrons becomes very large
near the wire and can produce secondary ionization
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Avalanche development

1 Time development of avalanche near the wire of a proportional counter

single primary electron proceeds towards the wire anode,

In the region of increasingly high field avalanche multiplication starts
electrons and ions are subject to lateral diffusion,

a drop-like avalanche develops which surrounds the anode wire,

the electrons are quickly collected (~1ns) while the ions begin drifting towards the
cathode generating the signal at the electrodes
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Multiwire proportional chambers

1 A proportional counter does not provide the G. Charpak Nobel price (‘92)
position of the incident particle

1 Charpak developed of multi-wire proportional
chamber

Guard strip Mylar
v

Thick wire  Wires of 5 um

|
Mylar ,

Mesh

-— High voltage

Araldite
—» Amplifier
%10 k2 Sense wire =2 diameter
AN d=2 mm

Guard strip

Construction details of the original design
of Charpak’s multi-wire chambers (from Nobel lecture)
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Multi-Wire Proportional Chamber

Schematic setup:

cathode plane

d
A —
o o /0 O O O O O O
L ‘F’ anode wire
W
Parameters: Features:
d = 2-4mm Tracking of charged particles
rw = 20-25pPum Some PID capabilities via dE/dx
/ L = 3-6mm Large area coverage
particle track Uo = several kV High rate capabilities

Total area: O(m?)
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LT LT LT Nae?;Vv\\I/;re radial field
Field distribution S ey

1 MWPC: Operation is difficult at
smaller wire spacings.

— The electrostatic repulsion
for thin (10 pm) anode wires
causes mechanical
instability above a critical
wire length of less than 25
cm for 1-mm

a Drift chambers

— a thicker wire at proper
voltage between anodes
(field wire) reduces the field
at the middle point between
anodes and improves charge
collection (33 RRXN [
Linearity of the space-to-drift- s
time relation=» resulting in
better spatial resolution




MWPC performance

1 Signal generation:

— Electrons drift to closest wire. Gas amplification near wire > avalanche
Signal generation due to electrons and slow ions (mainly slow ions, see
backup)

1 Timing resolution:
— Depends on location of particle
— For fast response: OR of all channels ...[Typical: o, = 10 ns]
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MWPC: space point resolution

1 Space point resolution: Only information about closest wire > o, =
d/N12 [d=2-4 mm, o, ~0.6-1mm]
1 Possible improvements: segmented cathode

Cathode Charged particle
strip

Cathode

ignal
signas Cathode

signal distribution

Center of gravity
determined with
oy =50 - 300 pm

1 2-dim.; use 2 MWPCs‘v;/ith different orientation
1 -3-dim.: several layers of such X-Y-MWPC combinations




o ghost hit

cathode signals
lower plane)

(

lower cathode plane
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upper cathode
plane
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2D MWPC

1 Substantial improvement can be obtained using cathode strip/pads:

anode signals
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Drift chambers

1 Obtain spatial information by measuring the electrons drift time

— time measurement started by an external (fast) detector, i.e. scintillator
counter

— electrons drift to the anode (sense wire), in the field created by the

cathodes
— the electron arrival at the anode stops the time measurement
\ i

‘imm1
000000002,_00000000

o
~

o

=r
|

L

s +2200V e 2000V
Need well-

defined drift field

%,
® & & & & & & & &0 & & O 6 O O OO OO O

‘ _42F‘2 \
1 40 mm

— e ! Scintillator counter
¢ li1eld wire ¢ NENNE WIre

J. Heintze, 1971
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Time Projection chamber (TPC)

Full 3-D reconstruction

— XY: MWPC and pads of MWPC at the endcap
— Z: from drift time measurement (several meters)

1 Field cage for very homogenous electric field
Typical resolution
— zand y =mm, x=150-300 um
— dE/dx =5-10%
Advantages:
— Complete track information = good momentum resolution
— Good particle ID by dE/dx incident

Challenges athoce e N soameies
— Long drift time limited rate 3 E YY B
Large volume (precision) el 1\ >
Large voltages (discharges) |

Large data volume

Difficult operation at high rate
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Aging in wire chambers

1 Consequences of avalanche

Formation of radicals i.e.
molecule fragments

Polymerization yield long
chains of molecules

Polymers may be attached to
the electrodes

Reduction of gas
amplification

1 Important to avoid
contamination
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Micro-strip gas Chambers (I\/ISGC)

Replace wires with electrodes on printed
circuit board

Photolithography techniques allow 100 pm

pitch

— Higher granularity over wire chambers

— High-rate capability >10° Hz/mm? VSR
— Excellent spatial resolution (~30um) cathbde’. é'ne"

— Time resolution in the ns range. 10 um

MSGC were first developed in 1990s
— Initial problems sparks and anode destruction

Back-plane

drift cathode
cathode ,
’-& 200 pm ~_| =0uml o hode dr?ﬂﬂii%ﬁﬁ
[~5 pm]

[Ce,z‘akzz‘fﬁ Z%/%//////

backing electrode
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Micromegas and GEM

&
$ E
E o

1 Micromegas
— Gas volume divided in two by metallic micro-mesh

— Gain = 10% and a fast signal of 100ns.
1 GEM (Gas Electron Multipliers, Sauli 1996)
— Thin insulating Kapton foil coated with metal film

— Chemically produced holes pitch =100 pm
— Electrons are guided by high drift field of GEM which generates avalanche

Particle

1 Electric field strength is in the order of some 10 kV/cm
1 Avalanche gain of 100 — 1000




GAS detectors at the LHC

1 The LHC experiments use gas detectors mainly for large scale
muons detectors

1 While the principle detecting elements are quit traditional many
aspects have improved dramatically:
— Readout electronics (integration, radiation resistance)

— Excellent understanding and optimization of detector physics
effects (HEED, MAGBOLTZ, GARFIELD)

— Improvement in ageing characteristics due to special gases

1 The principles are traditional but all other aspects are
100% state of the art.
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Cross plate

Multilayer
- In-plane alignment
Longitudinal beam
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Pb+Pb @ sqrt(s) = 2.76 ATeV

2010-11-08 11:29:42

Fill : 1482

Run : 137124

Event : 0x00000000271EC693
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The upgrades

1 ATLAS:

— TRT (Transition Radiation Tracker) replaced by Silicon
Tracker

1 CMS & ATLAS
— Muons System detectors will mainly remain unchanged
1 Addition of chambers to add redundancy

1 Possible addition of GEM at low eta where the rates are
higher
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Signal pulse formation and shape

av=—4 90 b ith oy =
ICV, dr dme, a
charge

1 Integrate from r’ : point where the o>
multiplication starts

1 The induced voltage from electrons is:

- ICV, | 2me, Cross check:
V=V*+V-=-g/IC
C=21r¢,/In(b/a)

28 The ratio V-/V* is;

b

a+r'

V+

" IcV

0 a+r'

For a=10 pym, b=10 mm, r'=1 ym =2>V-/V*=0.013 =» Signal is mainly due to ions
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Signal pulse formation and shape

1 Ignoring electron signal and setting r(0)=a

Y%
r(t
f—d]"= — 9 ln ( ) t
dr 2me,l a 100 200 300 400 500
_ : / | Input
F=10% 00 us | signal 7
’ ||
" Differentiated §R
pulse T + Vo
i

Unmodified pulse

CV2 t) -4 ln(l+i)
TTE,A 47re,l A

Leo: techniques for nuclear and particle physisc experiment
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1 Total drift time T

Signal shape

D. Bortoletto Lecture 3

Typically a/b = 103,
i.e. after 103 T already
half of the signal
voltage is reached ...
Choice of suitable RC-
circuit allows short
(differentiated)

signals ...




Geometries

1 Light guides: transfer by total internal reflection + outer reflector

x\ Scintillator

\- Light gquide

Light guide

“fish tail” adiabatic

1 UV light enters the WLS
MENEE] WLS green

small air gap __ | > > Photo detector

=

1 Light is transformed into 7
longer wavelength

—~ Total internal reflection inside
the WLS material

> ‘Transport’ of the light to the
photo detector

% blue (secondary)

e

" » UV (primary)

scintillator

prirﬁary particle
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Photomultipliers

- . Semitransparent photocathode
1 Scintillators are well established and

cheap techniques to detect photons -
Photomultipliers and the fast response
time - 1 to 100ns

1 Schematic of a Photomultiplier:

Typical Gains (as a function of the

applied voltage): 108 to 1010

Typical efficiency for photon detection: oS
A e :
For very good PMs: registration of

single photons possible.

Example: 10 primary Electrons, Gain
10> 108 electrons in T = 10ns.
1I=Q/T = 108*1.603*10-19/10*10-°=
1.6mA.

Across a 50 Q Resistor 2> U=R*I=
80mV. = p—

D. Bortoletto Lecture 3




Fiber Tracking

Images of tracks from 5 GeV/c pions (1989)

Active target in WA84 (1989)

IMAGE INTENSIFIER
micro chamnel type
o ~20kV

/C o |
magnification 2 A PA
2 ' — p?/\. g\ Ceo
/— N\ 3 =1 .Ef# \ = \
( [ ) N [l ((3—> Ve signal
N~ \ / RS “ = '))‘\
- \_/ <\ ~

JN | |

\ & ~ = / Ok
TARGET ( \ ( S 1BV f\\\)/
SX10X200mm | | ] \

IMAGE INTENSIFIER
fione 80 m ~30kYV 0KV |~30kV OkV Y
multl Iximm Ok -

0.77PMP FIBRE PLATE INSULATOR IMAGE INTENSIFIER
magnification= 18
gain @ 10

Readout of photons in a cost effective way is rather challenging.
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Drift and mobility

1 |n an external E-field electrons/ions obtain velocity v, in addition to
thermal motion; on average electrons/ions move along field lines of

electric field E

W, : ion mobility
for ions v ~ E/P, i.e. for constant pressure constant mobility

w_ : electron mobility in cold gas approximation (T,,,~ kT)
=2V ~ E, 4 = const.
E ~1kV/cm-atm in a hot gas (T,,,>> kT) =»vp = const., 4 = not const.

v4=cm/ms for ions
v4=cm/us for e-

Einstein relation for ideal gases in thermal equilibrium
The gain in velocity may affect the diffusion rate and

thereby the time behavior of the detector (e.g. drift
chamber)
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Drift Velocity

1 vyand D of e depend the Drif velociy |
Inelastic cross section 38% isobutane 4
involving the rotational and
vibrational levels of
molecules.

The inelastic cross section
in noble gasses =0 below
excitation and ionization
thresholds.

o Ar 93 Isobutane
e Ar 86.5 !

0 Ar 8

x Ar 75

+ Ar 70

A Ar 69

v Ar 62
800 1200 1600 2000

Drift fleld in V/cm

Drift velocity in several argon-isobutane (CaH10) mixtures

%
-
~~
&
S
>,
=
o
o
o
>
=
| -
a

1 Large v, are achieved by adding polyatomic gases (usually CH,,
CO,, or CF,), which “cool” the electrons (because of their large
inelastic cross section at moderate energies) and absorb the
ultraviolet (UV) photons emitted by the excited inert gas atoms
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Drift velocity

1 Values of drift velocity for some commonly used gases at NTP,
computed with the MAGBOLTZ program (see http://
consult.cern.ch/writeup/magboltz)

» Using fast CF,-based
mixtures at fields
around kV/cm™1, the
electron drift velocity is
around 10cm - ps™.
Since the collection
time is inversely
proportional to the drift
velocity, diffusion
effects are reduced in
gases such as CF,
that have high drift

@
=
)
£
S
=
o
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O

3,000
E (V/cm)
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Field in drift chamber

ground ///(///

Field wires avoid low field regions=>»
long drift-times

NIM 141 (1977) 43

[G.Marcel et. al]

Uniform drift field requires:
— Gap length/wire spacing = 1
1i.e. for typical wire spacing
=>thick chambers O(cm)

Cathode
[-2 kV, @ 200 um]

Screening

Cathode
electrodes

drift wires

Field wire Anodic wire Field wire
-HV | + HV 2 - HV I

Adjustable field multi-wire drift chamber with voltage divider via cathode wire planes
Space point resolution limited by mechanical accuracy =200 ym
Hit density needs to be low.
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Tracking detectors

1 Tracking at fixed target Tracking at collider experiments:

experiments: — cylindrical drift chamber

— Multi-layer MWPC or drift
chamber

potential
. wire

anode wire

(IRRRRRRRRRRRRRRRRRR RN RRRRRR AR

XX x M XXX
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TPC Technical solutions

1 Problem with space charge effects due to slow moving ions lead to
changes in the drift region E- field

1 Solved by gating grid which must be triggered

2.0 T
I
(] W“
1.8 | Gate closed ]H‘ H ‘ 1.8 |
I TTTTTTTTITITTTITT T l | |
/l \I{x,""..\'.lnﬁ ’n.‘ .‘ .1",'..1 H[.l..'ll.".[‘l‘” (i " H “l I“l"l“" H
7/ TN /T ,',: ) ‘.,‘ ()] 1.6
II":'".’ h I.l‘.l‘l W ;"I'I'/ ’|‘l' \ ‘I'
> 1.4 f
% ol gating grld 115
>0 shielding grid
1.O- - . . . . . 1.0
3 | , 1 o8t
0.8 anode wires
[ U Q o
0.6 cathode plane 106
1 1 1 1 1 1 1 1 1 1 ! ()4 i L 1 1 1 2 1 i i i
—-0.6 0.4 0.2 0 0.2 0.4 0.6 —-0.6 0.4 0.2 0 0.2 0.4 0.6
X (cm) X (cm)
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