Instrumentation

Summary of previousslides: Lecture set 2 : but we skipped one essential step

We now know how most particles (i.e all in the process .....

pqrticles.thqi livelong enough toreacha How are reactions of the various particles with
detector; e,u,p,m.k,n,y, neuvtrinos,etc)react  jatectors turned into electrical signals. We would
with matier. like to extract position and energy information

We now know how to identify particlesto channel by channel from our detectors.

some extend, how to measureEand p, v, Three effects are usually used :
and how to measure lifetimes using o
secondary vertices, etc 1 lonisation

2 Scintillation

3 Semi Conductors

and these are used in either for tracking, energy
measurements, photon detectors for Cherenkov or TRT, etc

4 Finally we will have a quick look at how electrical
signals are amplified in FE electronics

and from then on it is all online (frigger, DAQ) and offline
freatment and analysis ....
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Approximate computed curves showing |,
the percentage of electron energy going

to various actions at a given

X/p (V/cm/mmHg)

X 50

Elastic: loss to elasticimpact
Excitation: excitation of electron levels,
leading to light emission and metastable
states

lonization:ionization by directimpact
Kinetic: averagekinetic energy
divided by their “temperature”
Vibration: energy going to excitation of
vibrational levels

0

100
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lonisation Detectors

From CERN-CLAF, O.Ullaland
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Total lonization Cross Section /nao2
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D. Rapp et al., Journal of Chemical Physics, 43, 5 (1965) 1464
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lonisation Detectors

Experimental resulis.

Diatomic molecules.
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rest at an infinite distance.

Fig 1. lonisation potiential. The work required to remove a given eleciron from its orbit and place it at

Fig 2. Note that limited number of primary electrons/ions.
Fig 3 (fable). Taking info account that some of the primary electrons will ionise further (factor 3-4
increase); nevertheless keep in mind that electronics noise can be 300-500 ENC.

30
=

lonisation Detectors

CRC Handbook 63 ed.

60 I ' 1} ' ] 1
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electron/ion pairs
0 in frequently
1 1 2 3 4 5 e 1 g used (detector)
7 gases.
Encounters/cm  tgg(mm) Free electrons/cm
- (Lohse and Witzeling,
I!F-‘ il 9.2 16 Instrumentation In High
Ne 12 3.8 12 Energy Physics, World
Ar 25 1.8 103 Scientific,1992)
Xe 46 1.0 340
CHy 27 1.7 62
CO9 35 1.3 107
CoHg 43 1.1 113
CLAF 2005 Steinar Stapnes
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The different regions :

Recombination before collection.

lonisation chamber; collect all primary charge.

Flat area.

Proportional counter (gain to 10¢); secondary

avalanchesneed to be quenched.

Limited proportionality (secondary avalanches

distorts field, more quenching needed).

Geiger Muller mode, avalanches all over wire,
sfrong photoemission, breakdown avoided by

culting HV.

CLAF 2005
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lonisation Detectors
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lonisation Detectors
I

From C.Joram

No external fields:

Electrons and ions will lose their energy due to collisions with
the gas atoms — thermalization

£ =%kT=: 40 meV

Undergoing multiple collisions, an originally localized
ensemble of charges will diffuse

dN _ I e—(xz/élﬂr} dx D: diffusion coefticient
N ~dmDt
A

2
o.()=-2Di or D=1 dN h

21 N

CLAF 2005 Steinar Stapnes 6
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lonisation Detectors

L
Drift of elecirons under the action of 100 | | 10
the electric field (superimposed on CO, at 294 °K and 760 Torr /
thermal movements) : s 10 L
- E 1 0.1 ;;
o O O g -
il
< (]
0 G o1 0.01
e -/
© O O
0.01 0.001
O O 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05

Electric Field (V/cm)

The drift velocity of the positive ions under the action of the electric field is linear with the
reduced electric field (E/pressure) up to very highfields.

v tons = yrions E where u* o 1/p and diffusion D*°ns oy *ions T

Velectron - 103

V.

on

in CO, with E=104V/cm

From CERN-CLAF, O.Ullaland
CLAF 2005 Steinar Stapnes 7



lonisation Detectors
The amplification process : E——

Let a-' be the mean free path (also called the first

Townsend coefficient) between each ionization, in other

words dn = nadx. J‘X o (x)dx
The gas amplification is then given by : M — e ™

From CERN-CLAF, O.Ullaland

) . . o ~Bp/E
Korff's approximation (model) B = Ae™ where A and B are gas dependentconstants and p is the pressure.

N B

N _ (Torr/cm) (V Torr/cm)

R He 3 34
Bpry In—
A V . 0] Ne 4 100
M =exp| — 0 o Vo Ar 14 180
B, R Xe 26 350
In — co2 >0 466
r0

e N pd

\ /

c
% R for a gas mixture of
S LE+04 Ar/CO,:80/20
s
& 1E+03

1.E+02

1000 1500 2000

Anode Voltage (V)
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lonisation Detectors
I

Cathode :A metallic cylinder of radiusb /

Anode : A gold plated tungsten wire of radius a
=10-5
a=10"m 1V,
r

b/a = 1000 E=

b
The formation of signal can be understood as In [a
follows. The electirostatic energy of the

w =Zicv,
2

configuration is : 100000
10000 \
where C is the capacitance per unitlength of the 1000
configurafion and| is the length.
The potential energy of a charged particle at

radiusr is given by the charge times the potential : 100 ' ' '
0 10 20 30 40

Electric Field/\Volt

Distance from anode in units of anode radius

W =—q CVo In r
27 a
The result is an equation for how the voltage
(signal) changes when the particle moves in the
electric field :

dW =1CV,dV =g d‘g(r) dr
r

Vo I Anode
2z a

o(r) =—

CLAF 2005 Steinar Stapnes




lonisation Detectors
I

Signalinduced by (mainly) the positiveions created near the anode.

Assume that all charges are created within a distance A from the anode.

A is of the order of afew 10’sof yum — Vv _eciion =V ion /100 Which can be seen from the
equations below setting in the correct valuesforaand b :

a+d
Q *fav . Q | a+4

Velectron = — . =5 _ W
IcV, I dr 2zl a
b
Vion:+ Q d_Vdr:_iML
ICV, dr 2l a+A

0 a+4

Assuming a=0 and all the signal comes from the ions we can write:

r(t)
v(t)=+ Q d—Vdr=— iln@
ICV, o) dr 2l a
r(t) can be takenfrom:
dr
o M & e . P
e gl it for v(1) Lo e lons have to drift
e InG reS OI'V : T=H £1-34
v o back to cathode,
l.e. dris big.
Signal duration
limited by total ion
== drift time !
v (F. Sauli, CERN 77-09)

CLAF 2005 Need electronic signal differentiation to limit dead time.  '°



lonisation Detectors
I

In modern fast ionisation detectors the electrons are used (faster) as well as the
beginning of the ion signal.

For example if we use 5% of the signal with a gain 104 we stillhave a healthy signal
compared to the noise - and we can operate mostly with the fast part of the signal
(electrons) and differentiate away the tails ....

Tém / lons have to drift
ook back to cathode,

i.e. dris big.

Signal duration

limited by total ion

== drift time !

(F. Sauli, CERN 77-09)

Need electronic signal differentiation to limit dead time.

-V (t)

CLAF 2005 Steinar Stapnes 11



lonisation Detectors

. i [ .
With these tools, we can now make:

From CERN-CLAF, O.Ullaland

Straw Tube Classic Multi-Wire Proportional
Multiwire Proportional Chambers Chamber(MWPQC)
Drift Chambers Typical parameters:
I:5 mm
Time Projection Chambers $s:2-4mm
Thin Gap Chambers d:20mm
Jet Chambers
etc L :
s d
e ewk ;

Still possible to calculate by hand (leave as
exercise for you) :

V,(z) 2A _ In{4sin2(@j+4sinh2(ﬂj}
ds0 S S S

V, sV,

== E:

e R and o dl s . ad
A _om™ Ap_cp™
S S V4 S

CLAF 2005 Steinar Stapnes 12



Advanced calculations of Ionisaﬁon DefeCfOrS

electric field, drift, diffusion and

signhal formation can be done L

) . \ ) (] H
with Garfield. Two dimensionalreadout can be obtained by;
crossed wires, charge division with resistive wires,
50 —

measurement of timing differences or segmented
cathode planes with analoguereadout

Vi(z) Resolution given by (binary readout): o =d /12

Analoguereadout and charge sharing can
improve this significantly whenthe left/right signal
size provide more information about the hit
position.

~— é 7/
L j"f//
0.4 | T T I 7/'_‘E — —
| | | | | | e — —
ol | | | | | N e faue
{UEAEAM (AR RGN —ar A lnligE g
o2 i i i i i el ———— 4
| | | | | | P —— B 4
I I I I I I e > ~
_ 01 | | l l l l Va
= I I I I I I Z.
S 0SSy | ok | g | g | 15
=, i I | | i |
0.1 | | | | | | From Leo
ozl | | | | | ‘ j\/ i
: I I I I I I }/ j\/ J\/
I I I I I I
003 0000 0 0 s
I I I I I I
0.4 LLE BT R T N LD | |
-0.6 0.4 -0.2 0 0.2 0.4 0.6
x (cm) _ Y (Qi—b)y;
Y (Qi—b)
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Resolution

I
Charge on a single wire/strip is the worst possible situation for the

resolution:

Q(x)

CLAF 2005

2 (x) = Q(x) (x - X)2dx =d 2 /12
where Q(X) is charge readout in position X
(in this casea boxwith w idth equal to the pitch)

3

With analogue readout and charge sharing we improve the
information content significantly — on the left we know that
the hit was between the second and third readout electrode
and closest to the 2nd, so we can make a probability
function which is much more narrow (some times pitch/10).

Another way of saying it: For every point between wire/strip
2 and 3 there is a unique value of : (Q,-Q3)/(Q,+Q5), so by
measuring this quantity we can reconstruct the position.

Steinar Stapnes 14



Drift Chambers :

Reduced numbers of
readout channels

Distance between wires
typically 5-10cm giving
around 1-2 psdrift-time

Resolution of 50-100um
achieved limited by field
uniformity and diffusion

More problems with
occupancy

CLAF 2005

lonisation Detectors

[ DI
From C.Joram
| o Y —DELAYH
scintillator Stop TDC
I_ Start

— . ﬁ

Measure arrival time of

4 dnft @ gnode| electrons at sense wire

relative to a time t,,.

4

>—> xzij(t)dt

low field region high field region
—» drift —p gas amplification
[
IS — T
e HLLILCG@QULLLITY,

Sensa Wire

Steinar Stapnes



lonisation Detectors

I
Time projection chamber :
Drift to endplace where x,y
are measured
Drift-time providesz para\\O -
. Magn etic Electric Fiel\d
Analoguereadout provide g

dE/dx

Magneticfield provide p
(and reduce fransverse
diffusion during drift)

Endcap

High Voltage Plane

Cathode "Pads"

Anode
Sense Wires

From Leo

CLAF 2005 Steinar Stapnes 16



lonisation Detectors
I

The Time Projection Chamber (TPC)

HIGH
______ VOLTAGE

ELECTRONS DRIFT
Scm/us IN ARGON

Y 4
b4
S BaN

AVALANCHE 6/66< oY

‘FLASH ENCODER’

cLock

From Leo

CLAF 2005



In recent years there has been several developments directed towards making gas detectors more
suitable for high rate applicafions (inner detectors components for LHC). | will mention only two

(C.Joram; CERN summer student lectures 2002) :

CLAF 2005 Steinar Stapnes
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2 IVIiCI'OStrip gaS Cham berS (A. Oed, NIM A 263 (1988) 352)

drift electrode (ca. -3.5 kV)

geometry and typical dimensions '
(former CMS standard) gas volume
£
80 Um 10 Um 100 Wm -
Gold strips — g € > > ¥ .
+ Cr underlayer C(-700V) A ST ) 81

L 2
backplane \

: Glass DESAG AF45 + S8900
Field geometry semiconducting glass coating,
/ p=10'8Q/0

=
on,

P S e

Fast ion evacuation — high rate capability

CLAF 2005 =106 f(mm??-s) 19



Ep DRIFT Single GEM
] GEM
VG SeCEcSTEoccEEcoTEEsous + readout pads
E; INCUCTION
==
| | —_— - —_— [l B il
| O CEM 14080 AgonCO, 030 '
. Eﬂuj‘m : Argon-CO, T0- § !
§ B,=16kVou" o
£ | E ~S5kVem' ; of
|
o !
| r
GEM : Gas Electron 3 ‘
Multiplier ’
Can be used as a A | |
detector on its own or as ) N S S
amplifier stage in B0 400 430 500 SSHWGEHM 600

multiple structure
CLAF 2005 Steinar Stapnes
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€ GEM: The Gas Electron Multiplier

(R. Bouclier et al., NIM A 396 (1997) 50)

s R i o S —

-
50— 120 pm
50 um Kapton

+ 2 x 5-18 pm Copper

140 - 200 tm

Micro photo of a GEM foil

wrl g

T
CLAF 2005 J L_i

- Wany 1y

Z(]r_;[
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Scintillators
[

Scintillators are used in many connections :
*Calorimetry (relatively cheap and good energy resolution)
*Tracking (fibres)
*Trigger counters
*Time of flight
*Veto Counters

Will discuss mainly inorganic (often used in calorimeters due to high
density and Z; slow but high light output and hence good resolution)
and organic (faster but less light output)

Will discuss readout (wavelength shifters, photon detectors and new
developments to increase granularity of the readout).

CLAF 2005 Steinar Stapnes 22



From CERN-CLAF, O.Ullaland

Scintillators

Inorganic Crystalline Scintillators

The most common inorganic scintillator is
sodium iodide activated with a trace
amount of thallium [Nal(Tl)],

Energy bands in impurity activated crystal
Conduction Band = http://www.bicron.com.

+ — Na(TD
Csi(Na)
CsI(TD

Traps
¥

Luminescence
enching
Excitation <
Intensity (Arbitrary Unite
[ N (%] I

o
A—d 200 400 600 800

Wavelength (nm)
Valence Band

=

o

o
L

Strong dependence of the light g w
output and the decay time with g w]
temperature. £ w0
® 20 A
0 T T T T
-100 -50 0 50 100 150
CLAF 2005 Steinar Stapnes Temperature (C) 23



CLAF 2005

Parametersfor some common scintillator materials

Crystal P Xo TMolire dE/dr A Tdecay Amax np  Rel.  Hygro?
(g/em®) (cm) (em) (MeVjem) (cm)  (ns) output®
Nal(T1)  3.67 2.59 4.5 48 414 250 410 1.85 1.00  very
BGO 713 1.12 24 9.2 220 300 410 220 0.15 no
BaF3 489 2.05 3.4 6.6 299 0.7/ 2207 1.56 0.057 slightly

620° 310° 0.20°
CsI(T1) 453 1.85 3.8 56 365 1000 565 1.80 040  some
sI(pure) 4.53 1.85 3.8 56 365 10,367 3057 1.80 0.100  some
367, 620° ~ 480° 0.20°
PbWO, 8.28 0.89 2.2 13.0 224 515 420-440" 2.3 o0.01 no
CeFq 6.16 1.68 2.6 7.9 259 1030 310-340 1.68 0.10  no

Nal has a light output of typically 40000 photons per MeV; keep in mind that
light collection, and the quantum efficiency of the photo detector will
reduce the signal significantly.

The detectorresponse is fairly linear (see Leo).

Steinar Stapnes
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Organic Scintillators

These are fast and with typical light
output around half of Nal.

Practical organic scintillators uses a
solvents; typically organic solvents
which release a few % of the exited
molecules as photons (polystyrene in
plastic for example, xylene in liquids)
+ large concentration of primary fluor
which transfers to wavelengths where
the scintillator is more transparent
(Stokes shift) and changes the time
constant

+ smaller concentration of secondary
fluor for further adjustment

Generally the final light output has two time
constants and the relative contributions from

them depend on the energy deposition

(particle type); this can be used for particle

identification (pulse shape discrimination).

This is for example used for neutron counting;
the detectors are sensitive to protonrecoils

(contain hydrogen) from neutrons.
CLAF 2005

Scintillators

lonization excitation of base plastic

10 8m ﬁ Forster energy transfer

base plastic

primary fluor

: ~1% wt/wt
S emit UV, ~340 nm (~1% wt/wt)
10_4 Im ':; v
6 absorb UV photon  secondary fluor
c (~0.05% wt/wt )
Cj emit blue, ~ 400 nm
I m ¥ {;
& absorb blue photon photodetector

List of materials and solvents can
be found in most textbooks

Steinar Stapnes 25



Scintillators

External wavelength shifters
and light guides are used to
aid light collection in
complicated geometries;
must be insensitive to ionising
radiation and Cherenkov
light. See examples.

+ Light guides: transfer by total internal reflection

(+outer reflector)

Light guide

PM Scintillator

| |
————T1 1

“fish tail” adiabatic

Light guide

¢ wavelength shifter (WLS) bars

_ WLS reen
small air gap Hlm Photo detector

blue (secondary)
UV (primary)

primary particle

scintillator

CLAF 2005

ATLAS Hadron Calorimeter: (ATLAS TDR)
Scintillating tile readout via fibers and photomultipliers

1 of 64 independent
wedges

Periodical
arrangement of
scintillator tiles
(3 mm thick) in a
steel absorber
structure

]
outer sides

T

From C.Joram

Steinar Stapnes 26



Scintillators

Photo Multiplier Tube for readout

§

Dynodes with

Photon-to-Electron secondary electron emission

Converting
Photo-Cathode

Multi Anode PM
example: Hamamatsu R5900 series.

Typical gain ~ 10¢
Transient time spread ~ 200 ps
Limited space resolution

Up to 8x8 channels.

Size: 28x28 mm?.

Active area 18x18 mm? (41%).
Bialkali PC: Q.E. = 20% at A, =
400 nm. Gain = 10°

http://www.hamamatsu.com/

CLAF 2005 Steinar Stapnes 27



Scintillators
[ e

The energy resolution is determined mainly by the fluctuation of the number of secondary
electrons emitted at each dynode.

where
u'e m = mean humber
° ° ° ° P r’ = °
Poisson distribution (r.n) [l = the variance
r=1,2,3..

Fluctuations mainly induced at the first dynode where the number of primary
electrons are small

1 iNoisei i i50cuti
0.1 1 2
photoelectron photoelectron
B |
[l ]
D: L]
) : / / >{
0.001 * T T
0 5 10 15

Pulse height (arbitrary scale)
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Physical principles of Hybrid Photo Diodes Scintillators

Take one From CERN-CLAF, O.Ullaland

o Remove dynodes and anode
Photo Multiplier Tube \
Add

e — e Silicon Sensor

focusing input optics
electrode

accelerating
electrode

inside tube

T

first dynode
envelope

A\ TA

multiplier

last dynode

L
i s Electron-hole pairs:
Kinetic energy of the
/ T\ pumping stem impinging electron
key pase / Silicon ionization energy
photocathode %
(XXX XX]
Hybrld — electron —_—
P h OtO focusing o AV
) electrodes L .
Diode A— — ~ 20 kV; i.e 4 - 5000
electron-hole pairs —
# Good energy
o/ T resolution

sensor
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Hybrid Photo Diode

| ——— 30%

Scintillators

L From CERN-CLAF, O.Ullaland
| 1 | ——+ 20% E.
102 [:/\f/ = —— 10% ° Bialkali
skg (A) A%_ — =T
(MAW) /l/ ‘J_ .4”_’_1\ — \ _———-_: 39, SszCS
"J“‘._/ /v :E—r;’”\_ ._——————> :"Q\f/ extenged =
| || [ .y } \5 . red ] . .
10 E__ iv'_‘ "' green _‘ A —— N 1% MUanIkah
H—I| =4t/ extended 1\ —\- N
[ = “J'I "\'—\ ‘::\red'\\ -
i ) = YA N\ ——F 0-3%
— =11 P e S -
1 s, .
- '/ \ \ S { ... Solar blind
f — ——— —\ Z%
{ N photocathode
" ,/ |
infra red \——
1o L= DX ORI X XK KX X
100 200 300 400 500 600 700 800 S00 1000 1100 -
uReTEe (Philips Photonic) wavelength A  (nm) lectron
f . v
O.E (%) ~124 - SKe(MA/W) vy v
A(nNnmM) 2 —
100 |- y
Spectrosil ™
Silicon (T
fused sensor
silica
T (%6)
Transmission
50 |- _ . . .
Rb i lime glass of various windows
materials
not shown:
} (Philips Photonic) I\/_Ing: cut @115nm
o ) \ ! LiF: cut @105 nm
150 200 250 300 350

A (nm)

30



Number of counts per channel

But...

Scintillators

From CERN-CLAF, O.Ullaland

 Electronic noise, typically of the order of > 500 e

2

2 D 2
Ototal = Oint. T OE,, T Oelec. >~ Oint.

2

» Back scattering of electrons from Si surface

back scattering probability at E ~
20 kv

electron

| 3 < 2 dpcsi ) ..

E -.
Lk//

silicon

Qg = 0.18

20% of the electrons deposit only
a fraction o<e<1 of their initial
energy in the Si sensor .

— continuous background (low energy side)

Number of photoelectrons

10000

7500

50004

25004

experimental curve

<n> = 54
----- simulated distribution

C.D’Ambrosio et al.
NIM A 338 (1994) p.

396

T T T T T T
1000 2000 3000 4000 5000 6000 7000

Channel number

8000

test beam data, 1 HPD 31




Semi-Conductors
[

Solid state detectors have been
used for energy measurements a
long time (Si,Ge...). It takes a
few eV to create an e/h pairs so
the energy resolution is very

gOOd From C.Joram
Nowadays silicon detectors are | Some characteristic numbers for silicon
mostly used for tracking. 4 Band gap: E; =1.12eV.

¢ E(e-hole pair) = 3.6 eV, (= 30 eV for gas detectors).

4 High specific density (2.33 g/cm’) — AE/track length for
M.I.P.’s.: 390 eV/um = 108 e-h/ um (average)

¢ High mobility: p, =1450 cn?/Vs, y, = 450 cn?/Vs

¢ Detector production by microelectronic techniques — small
dimensions — fast charge collection (<10 ns).

¢ Rigidity of silicon allows thin self supporting structures.
Typical thickness 300 um — = 3.2 -10* e-h (average)

? But: No charge multiplication mechanism!

CLAF 2005 Steinar Stapnes 32



Semi-Conductors
I

When isolated atoms are brought together to form a lattice,
the discrete atomic states shift to form energy bands as
shown below. .

From E.Cortina, A.Sfyrla, Univ.of Geneva
Conduction :
band :
I
Free i
electrons Conduction [~ "---°° ;
Em:rg},' ]L' band |
E - 6ev ™ E~lov | VMbmiyd | =0 [ Haini ey Rl By--g---------
' ! ! ’ P,
=== = } | K
% Valence \
Valence band !
—" band |
Holes i
5 . P,
0 0.5 1.0 HE) n.(E). Py (E)
Insulator Semiconductor Conductor

Figure 2: Occupation probability and carrier concentration for intrinsic semiconductors.

The number of states per volume and energy canbe

calculated -from this we can derive the number of W W
electrons inthe conduction band and holes in the valence PQOMV) oc exp [— T = ]
band - per unit volume (as a function of temperature)

W = Fermi Level = the Energy where P(W)=1/2
For basic semi-conduction physics see :

Text, illustrations, models and online diagrams, etc ...

CLAF 2005 Steinar Stapnes 33


http://jas.eng.buffalo.edu/index.html

Semi-Conductors

/\*’ =
—

.fjf .r’"‘ -1

cm

Intrinsic silicon will have electron density = hole
density; 1.45 101° cm-3 (from basic semiconductor
theory).

In the volume above this would correspond to 4.5
108 free charge carriers; compared to around 3.2 104
produces by MIP (Bethe Bloch loss in 300um Si
divided by 3.6 eV).

Need to decrease number of free carriers; use
depletion zone (reduce temperature would also help
but one would need to go to cryogenic temperatures)

CLAF 2005 Steinar Stapnes 34



Doping of semiconductors. Semi-CondUCforS
I

P, As, Sb

5 electrons in the M-
shell

—1 electron with binding
energy 10-50 meV

N-Type

B, Al, Ga
3 electrons in the M-
shell
_)1 eIeCtron mISSIng From E.Cortina, A.Sfyrla, Univ.of Geneva
n [l n p
| Fr I e R
The zone betweenthe N and P aga%g@g}% % g‘% '% % & @%@%ﬁ%g g g% %% 3
type dopingis free of charge _E’ SRS ¥ & _@ Z @5 _ f £

carriers, forms an capasitor,

have an electric field and is . ¥
well suited as detector volume;  &ifooeoooeemoo2 5
need toincrease by applying i "
reverse biasing ? '

(al (b)

Figure 4: A p — n junction in thermal equilibrium, with its parts separated (a) and brought
CLAF 2005 together (b) forming a potential barrier.
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Semi-Conductors
[

One can quickly establish the most critical parameters for a silicon detector by

looking at the p,n junction above :

Poisson’s equation :

With charge density from —x, to 0 and from 0 to x, defined

by :

Np and N4 are the doping concentrations (donor,

acceptor).

The depletion zone is defined as :

By infegrating one the E(x) can be determined, by
infegrating twice the following two important relafions are

found : V o d2
A

C :E—OCV_:UZ
d

R _ o(X)

dx? £
p(X) =teNy,,

By increasing the voltage the depletion zone is expanded and
C (capasitance) decreased — giving decreased electronics noise.

CLAF 2005
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Signal formation in general terms
[ e

For ionisation detectors we used energy balance to look at how a voltage signal was

created due to charge drifting in the device.
More general we have to use the Shockley-Ramo theorem for induced charge:

i=qv-E,

or

Q=0Ag,

whereE, is the weighting field and A¢, the potential differencefrom the beginning to theend of the path.
The weighting potential is found by solving Laplace equation with some

artificial boundaryconditions (for theelectrodeunder study (= unity) and for all other electrodes(= 0)).

The main message is that the signal is induced by the motion of charge after incident
radiation (not when the charge reach the electrodes).

References:
Appendix D in ref (7) or chapter 5 of Particle Detection with Drift Chambers, W.Blum
and L.Rolandi, Springer Verlag, ISBN 3-540-58322-X

For ionisation chambers it can be used to study not only the signal on the primary
anode but also for the neighbours, or the cathode strips (if these are read out). For

silicon detectors to study charge sharing between strips or pixels.
CLAF 2005 Steinar Stapnes 38



Semi-Conductors
[

Let us have look af the signal formation using the same simple model of the
detector as two parallel electrodes separated by d.
A electric charge g moving a distance dx will induce a signal dQ on the readout

electrode :

dQ d =g dx
As in the case of the proportional chamber we use . ?:ﬂE(x)
t
aving X(t)=x, exp(= et)
HnT
where r=cleN, pu,

e rdx
The time dependent signal is then : Qe(t):_ajadt

CLAF 2005 Steinar Stapnes 39



The final result showing (when
entering real numbers and using a
more complete model) time-
scales of 10/25 ns for
electron/hole collection :

However, there are many caveats:

In reality one as to start from the real
e/h distributionfrom a particle.

Use a real description of E(x) taking
info account strips and over-depletion.
Traps and changes in mobility can also
come in, etc

CLAF 2005
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Semi-Conductors
[

Silicon Detectors.
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Semi-Conductors
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At the moment silicon detectors are used close to the interactionregionis most collider
experiments and are exposed to severe radiation conditions (damage).

Semi-Conductors

The damage depend on fluence obviously as well particletype (=,y,e,n,etc) and energy spectrum
and influences both sensors and electronics. The effects are due to bulk damage (lattice changes)
and surface effects (frapped charges). Three main consequences seen for silicon detectors (plots

from C.Joram):

(1) Increase of leakage current with consequences for cooling and electronics

|
[ @ n-type FZ -7 to 25 K§¥em
o 8 n-type FZ -7 Kflem
10~} B n-type FZ - 4 K&dcm
O n-type FZ -3 Kfdem
W p-type EPI -2 and 4 K&cm

104_ v n-type FZ - 780 {kem |
o n-type FZ - 410 $em 3
o n-type FZ - 130 £¥cm
]0_5 s & n-type FZ - 110 &¥cm i
/dj ® n-type CZ - 140 {hem
—6: & p-type EPI1- 38042 cm ]
lololl I[I)IZ ]{I]I?y 1614 1015
®. [cm?]
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Semi-Conductors
[

(2) Change in depletionvoltage, high at end of lifetime of detector; combined with increased
leakage current this leads to cooling problems again

(3) Decrease of charge collection efficiency (less and slower signal)

E 5000 EF 2103,

_ —

& 1000¢ . 1o
% 500 - type inversion - =600 V 10 g

| “Donor . ! ] -
E 1(5)8 - removal” 1{]'4lcm-2 _E o 2
E : “Acceptor ] —_—
10F creation” 1., =
& SF . . ) J10° g
w3 [ n-type p - type : Z
— L =

H M| Ll i o Lo
10-1 10{] 101 102 103
meq [ 1 0 ].2 cm-2 ] [Data from R Wuonstord 52]
+
' +
T*_l_ 7 - A +/ - Charge
n ++ & e ++ = i trapping
y 'Li P -i¢ v indefects
- s B

CLAF 2005 Steinar Stapnes 44



Defect engineering. { hitp:/josm. chid4s Semi-Conductors

Introduce specific impurities in silicon, to influence defect o
formation. Example Oxygen. More fun: some of the ongoing
R&D (C.Joram)

Diffusion Float Zone Oxygenated (DOFZ) silicon used in
ATLAS pixel detector. Gain a factor 3.

RD39

P http://cern.ch/rd39
Cool detectors to cryogenic temperatures "+

(optimum around 130 k)

“zero” leakage current, good charge collection (70%) for
heavily irradiated detectors (1-10'° n/cn¥). “Lazarus effect”

RD42
New materials http://cern.chird42

Diamond. Grown by Chemical Vapor Deposition. Very large
bandgap (= 6 eV). No doping and depletion required!
Material is still rather expensive. Still more R&D needed.

20

New detector concepts
“3D detectors” — “horizontal’ biasing —_—

faster charge collection
but difficult fabrication process
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Front End electronics

Most detectorsrely critically on low noise electronics. A typical Front End is shown below :
DETECTOR BIAS

Cp
PREAMPLIFIER PULSE SHAPER
BIAS R
RESISTOR BN FAYS
I
| "W
C. R OUTPUT

DETECTOR Cy

where the detector is represented by the capasitance C, bias voltage is appliedthrough R,, and the
sighalis coupled to the amplifierthough a capasitance C.. The resistance R, represent all the
resistances in the input path. The preamplifier provides gain and feed a shaper which takes care of
the frequency response and limits the duration of the signal.

The equivalent circuit for noise analysisincludes both current and voltage noise sources labelledi
and e, respectively. Two important noise sources are the detector leakage current (fluctuating-some
times called shot noise) and the electronic noise of the amplifier, both unavoidable and therefore
importantto control and reduce. The diagram below show the noise sources and their representation

in the noise analysis: DETECTOR BIAS SERIES AMPLIFIER +
RESISTOR RESISTOR PULSE SHAPER
Ry eng

o

H:{ %
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Front End electronics
[

While shot noise and thermal noise has a white frequency spectrum (dP ,/df constant),
trapping/detrappingin various components will intfroduce an 1/f noise. Since the detectors usually
turn the signalinto charge one can express the noise as equivalent noise charge, which is equivalent
of the detector signal that yields signal-to-noise ratio of one. For the situationwe have described
there is an optimal shaping time as shown below :

10000

=y
=
=
=

2000

1000

500

Equivalent noise charge (¢'s)

[
=
=

100

0.01

I“l o II”iD II IIIIIDD
Shaping time (us)

Increasing the detector capasitance willincrease the voltage noise and shift the noise minimumto

longer shaping times.

CLAF 2005
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Front End electronics
I

For quick estimates, one can use the following equation., which assumes an FET
amplifier (negligible i,,,) and a simple C'R—RC' shaper with time constants 7 (equal to
the peaking time):

1
nA - ns

(Qn/e)? =12 { } I;m 46 x 10° !@} .
ns b

(27.26)
20
" or

Ins

(pF)?(nV)? /Hz

+ 3.6 x 10? [

which shows that the critical parameters are detector capasitance, the shaping time 1, the
resistances in the input circuit, and the amplifier noise parameters. The latter depends mostly on the
input device (transistor) which has to optimised for the load and use. One additional critical

parameteris the current drawn which makes an important contributionto the power consumption of
the electronics.

Practical noise levels vary between 102-103ENC for silicon detectors to 104 for high capasitance LAr
calorimeters (104 corresponds to around 1.4fC).
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Instrumentation
L .
We now know how most particles (i.e all particles

that live long enough to reach a detector;
e,u,p.rn.k,ny, neutrinos,etc) react with matter.

?
We now know how to identify particlesto some
extend, how to measure E and p, v, and how to {@\’Q\é)“\@
measure lifetimes using secondary vertices, etc ¥ &L
V§§QQ§
Essential three detector types are used : ) e

1 lonisation detectors vertex location &
(Si detectors) A
2 Scintillators main tracking

(gas or Si detectors) &

3 Semi Conductors particle identification 7 %

4 Finally we have looked briefly at how e.m. calorimetry 2

electrical signals are treated in FE magnet coil &
electronics hadron calorimetry / return yoke #

muon identification / tracking 2

The detector-types mentioned are
either for tracking, energy
measurement, photon detectors for
Cherenkov or TRT, etc in various
configurations.
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Future
[

Improved detectors will certainly be needed. Linear colliders, TESLA and
LHC upgrades will drive this development and things are already
happening.

| would identify some main areas of research :

Radiation hardness will remain a headache. Both for trackers and
calorimeters, detector elements, materials and electronics.

Reduce power or deliver power in a more intelligent way
(trackers at LHC need of order 100kW at less than 5V, current are
huge, cables the same to keep losses acceptable). The services
complicate the detector integration and compromises the
performance.

Reduce costs for silicon detectors (strip and various pixels). Today
at PIXEL detector cost 5-10 MChf per m?, strip frackers around 0.3-
1 MChf per m2. Similar arguments apply to large muon
chambers.
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