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Outline overview (signals, signal fluct., signal processing) Ea

UNIVERSITAT

1. What is a detector “signal”?
2. Charge transport in gases and solids

3. Induced signals on electrodes
Schottky-Ramo Theorem

Current, charge or voltage?

Applying SRT to detectors

SRT for structured electrodes

(calculation of E,, by “conformal mapping”)

4. Signal fluctuations and (electronic) noise
. Why bother?

. Signal fluctuations (Fano noise)
. Electronics noise

shot, white, parallel, series, thermal, RTS, Johnson
Nyqvist, 1/f, popcorn, flicker, resistor noise, current
noise, ... and all that
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5. Readout of signals
. Amplification
. (Excursion: Laplace transform)
. Filtering
. Discrimination
. Digitisation (digit. errors)
. (Example: a readout chip)

6. Signal transmission off detector
7. (Deadtime)

8. Noise of a readout system
« CSA + shaper
«  Explicit calculation of noise
*  ATLAS pixel detector
*  ATLAS strip detector
* ATLAS Liqg. Argon calorimeter



Plan of Lectures

3 double lectures
« each 14:00 — 15:30 (with a break)
e dates

09.03. + 10.03. + 11.03.
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Content largely based on chapters of ... v

UNIVERSITAT
Hermann Kolanoski
Norbert Wermes I
Teilchendetektoren o
o
Grundlagen und Anwendungen —
)
o
=
(@]
B Particle Detectors
fundamentals and applications
i; Hermann Kolanoski
@ Springer Spektrum 3 and Norbert Wermes
= Kolanoski, H. und Wermes, N. = Kolanoski, H. and Wermes, N. (new edition)
Teilchendetektoren — Grundlagen und Anwendungen Particle Detectors — fundamentals and applications
(Springer/Spektrum 2016) (Oxford University Press 2020, in print)
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What is a detector “signal™?




“Signals*“ for detectors va

UNIVERSITAT

Any form of elementary excitation can be a “radiation signal®

* jonization > direct electrical signals (e-ion, e-h)
« scintillation > excitation of optical states - light
* |attice vibrations - phonons

* break-up of Cooper pairs - superconducting detectors

* necessary energies for the production of quanta

~30eV jonization in gases
~1-5¢eV ionization in semiconductors
~10eV scintillating materials

~ meV phonon excitation

~ meV Cooper pair break up
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Detector types

4

UNIVERSITAT LIV

lonisation detectors

gaseous

) driftchamber

L
-Ug o
94 e/ion pairs per cm (in Ar) ° L Partle
=> (gas-)amplification needed Drifting charges
. . due to electric field
* “signal” due to separation Gas
—
and movement of charges —_—
in E-field g -
e =>current on electrode = > Anode
.o © [e.g. wire or plane]
charge -> V,; after amplifier

e Primary lonization

® Secondary lonization (due to &-electrons)
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anode




Detector types

4

UNIVERSITAT

lonisation detectors

semiconductor

« ~10°e/h pairs per cm (20.000/300 um)
* “signal” due to separation

and movement of charges

in E-field
* =>current on electrode

charge -> V,; after amplifier
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=T lgeile 1l 2.8
strips & pixels

chip

front end
electronics

ump connection

Si Sensor -
sensor (High Resistivity A \l
+

Substrate)

Sensor

particle track

hybrid monolithic
pixels



Detector types

UNIVERSITAT

insulation
cathode potential

dynodes

Scintillation detectors

scintillator light guide

photocathode
Kolanoski, Wermes 2015 housing / shielding

Plastic scintillator

e 10.000 (plastic)/40.000 photons/MeV energy input
* “signal” due to conversion of photons (light) into
charged electrons
- intrinsic amplification => direct detection
- detection by ionisation (PD, APD, SiPMs)
then as before

Crystal Ball (Nal(Tl))
detector
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Detector types

4

UNIVERSITAT

Cherenkov detectors
Transition radiation
detectors

Cherenkov

UV light

* very few to many photons emitted (UV

or X-ray)

* conversion into electrons (Cherenkov)

or

* direct absorption (TR) -> conversion

into e/ion or e/h

* detection by ionisation detector

then as before
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Cherenkov
photons

particle
trajectory

Kolanoski, Wermes 2015

—
—

(from drift time measul

Y (from wire coordinate)

rement)

(multiwire chamber)

2 intensity
/ profile
empv
electron
flight direction
TR photon
transition

boundary

Kolanoski, Wermes 2018

Transition Radiation
X-rays

(@) TR photon 2| wire chamber
foil stack °
°
® signal =
L] [ iwtet— track + TR
_____..ﬁ’-é:w,«:“w' Sand e
— T "
highz
(e.g.Xe, Z=54)
foil (e.g. Mylar) air
(low 2) g
detector 'é



Detector types va
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Calorimeters

Kolanoski, Wermes 2015

passive active
(Fe,Cu,PB, U,..)) (sci., LAr, Si, ...)

a ‘ signal readout
ek,
* many e+/e- (ECAL), many charged particles (HCAL)
neutral particles (n,y,K°) converted into charged
* “signal” due to
- conversion of scintillation or Cherenkov radiation
photons (light) converted into electrons (PMT) or e/h (PD; APD)
(in crystal calorimeters)
-> then amplification & direct detection
- detection by ionisation (lig. Ar, Si pad, drift tubes (bad))
then as before

sampling calo
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(by far) the main signal producer for HEP applications

jonisation of separable charges
in @ medium

=> focus in this lecture
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TRANSPORT OF CHARGES IN
DETECTORS




Transport of charges to the R/O electrode v

Generally described by the Boltzmann Transport Equation y
explicit t-dep.  -> diffusion -> drift in E,B) interactions w/ medium atoms 1
B
d 0 dv = o, ”
f_9F V~ f+ W= 9
it ~ ot dt ot | .o —E,
co
total deriv partial deriv. wrt. phase space variables coll. integral /
with f(r, v, t) describing the probability distribution of a charge cloud in phase >

dp(7,7,t) = f(7,,t) d*Fd*T
Which can treat arbitrary E and B-fields ... (E in z-direction, B in z-y-direction)

s _ AmgE [T wr (%)3/2%de:@<7 _“’27> with

v = ——

bt 3 m J, 1+w?2rz2\m Oe m 1+w2r?2 /.
pp _ AmaE [T wwst? (2e\Y20fy  gE [ (wost’ w, = qB/m = cyclotron
P2 3 m )y 1+w?r2\m de  m 1+ w272/, frequencies
dmqE [® 1+w2r? (2¢\*? 8, 4E + w2r? 7 = mean collision time
Uns = T3, 0 "1 w2r2 (m) Oe e de= “m + w272 >E € = kin. energy
Usually in detectors: either |E L B lor |E || B
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Diffusion and drift of charge cloud on its way to the electrode v

UNIVERSITAT

E =0, T > 0: diffusion (needs dn/dx # 0)

3 1
Eth = §]€T = §m<’l)th>2 = <Uth> = W

for kT'(@Q300K) = 25meV

e o 75 meV 5 — 10cm
= Vi) =\ ey ¢ T s fast!!

1 KT 1 3kT

no pressure o

Q
|
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E >0, T > 0: diffusion + drift

o ELECTRONS

_ pol
vp :@E - 571/5

Drude Ansatz (emp.) [1 + (&E)
)

(especially semicond. Vsat
B~1-2

electrons

10°

= MOBILITY

p(em2/Vs)

107

10
E [V/cm] 15



Mobility in Silicon as a function of temperature v

UNIVERSITAT

APS = acoustic phonon scattering (= lattice vibrations)
[IS = ionized impurity scattering

NIS = neutral impurity scattering APS 1S
APS ~T s ~T"
. NIS TO
= \ /
10— T 7177 T T TTTT * 3/2 .
= v |8 K ™ T
= N<10cm APS —A
- 4x10" __| &NIS APS &IIS
10° \
2 £ 10\ log T
~ I N\ \
. N > €
Z10%E —< =L
E 1.3x10"7 4% . .
5 ¢ scattering on scattering on
£ gy e impurities the lattice
103 = ST low-feld) = _ higher temp higher temp
= H, 4% = less (~1/E?) = more lattice
- T T T K . N deflection vibrations
102 Ll Lol [N R RY . .
1 10 102 103 = higher = lower mobility
temperature (K) mobility
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Drift of electrons and holes in semiconductors

4
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drift velocity as a function of electric field strength

8

10 T T .
:“E; T=300K || saturation
< > at ~107 cm/s
5 ~
g - ~

GaAs (elect A N~
o aAs (electrons) / -l
/ L
/ P 7 AN - ‘_4-";."”“
A - ’_//_ —'\\, :
4/ /’ /‘/'/ A P
z/ A / dwl L N Si (electrons)
ey TN
v
108 // ,’,‘\, //7 // Si (holes)
/|- 2 X %]
’ Rd N
,’, ,/', \\ EAN R ‘GaAs (holes)
,./7 ’ \ '/" (IEe (electrons)
7 A A Ge &holes)
10° P L
10° 10° 10° 10°
E(V/cm) o)
remember
v = u(E) E always ! typical operation point for a Si - detector

100 V / 300 pm

Signal Processing, UFreiburg, 3/2020, N. Wermes

17



Diffusion and drift of charge cloud on way to electrode v
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Electric
Field-

*Electron Swarm Drift

_ _ As
Drift velocity: Vp=—
As, At At

| 4/[\ Space diffusion rms:
| :
o.=+2Dt = [2D—
Vb

X

typical: o, =5-10 um for d = 250 um

Signal Processing, UFreiburg, 3/2020, N. Wermes 18



Movement in the presence of a magnetic field v
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O if the electric field E is
perpendicular to a magnetic field B
D then the charges drift on circle
segments until they stop in a
collision

_ U on average this results in a
> E deflection of the drift path by an
angle called

simplified ..

<

Kolanoski, Wermes 2015

perp. to E

Lorentz angle

/
UpD, 1

tan oy = = WT

with

UD,|

w = gB/m = cyclotron frequency
T = mean collision time

parallel to E
Signal Processing, UFreiburg, 3/2020, N. Wermes 19



Charge collection in a magnetic field A
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Lorentz angle

oL
| | : | Wil |
: : . : YA |
g I | ] | Lo |
B (| B VST R |
: | : TR :
1 | 4 B | I R |
! I B ! / 19 99 !
perpendicular sensor angled
track w.r.t. track
(&
tana,|=wr = —7B = uyB =|u,ry B
Tefr T

Hall mobility = yg (but not equal)

Signal Processing, UFreiburg, 3/2020, N. Wermes 20



Measurement of the Lorentz angle
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4

Lorentz angle (= average deviation
between collisions)

I /
perpendicular sensor angled
track w.r.t. track

tana, = puyB = pory B

Signal Processing, UFreiburg, 3/2020, N. Wermes

Mean clus. size
W

/.
15} — ——
C . e
1
o5
ol 1 | I | | Ll s
-20 -15 -10 -5 0 5 10 15 20
Detector Angle Deg

Measurement method: number of pixel hits is
minimal when the particle incidence angle is equal
to the Lorentz angle (ATLAS pixels)

I. Gorelov et al. NIM A481:204-221,2002

21



Tune Lorentz angle for optimal detector operation va
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« charge sharing (CMS: 100x150 um? pixels) versus radiation lifetime (ATLAS: 50x250 um?)

tilt angle

N7 ' « tilt angle can be “chosen”
—K L * can compensate or increase "charge sharing”
between pixels
* radiation hardness: choose little charge sharing
- | in order to keep majority of signal on one
e pixel (after signal loss due to radiation)
* resolution: choose charge sharing to be able
to interpolate between pixels for more precise
space point reconstruction.

Signal Processing, UFreiburg, 3/2020, N. Wermes 22



Pop-up questions va
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@ Which effects play the dominant role in charge transport to the electrodes and what
are they due to?

@ drift (in E-field) and diffusion (temperature fluctuations and concentration gradient)
@ Which other (less important) effects could you imagine?
@ multiple coulomb scattering, electrostatic repulsion within charge cloud
@ How wide is a charge cloud spread after having travelled a distance x?
@ o = 2Dt = V2Dx/v « Vx (typ. 5-10 ym for 250 um Si)
@ What is the Lorentz angle and what does it depend on?
@ Angle wrt perpendicular motion due to B-field. tan a = uyyB .

Signal Processing, UFreiburg, 3/2020, N. Wermes 23
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How the signal develops

How do particles (radiation) passing (being absorbed) in
a detector generate a “signal” that one can measure?

How electronic signals develop on electrodes.

Use the “Shockley — Ramo Theorem” (SRT) for different
detector and electrode configurations.

What neighbouring electrodes “see” when charges move
in a detector ...




How to think about the problem?

UNIVERSITAT

4

4 éy particle
i %\

|
mi

-+ @m0

Q: when does the signal current ig(t) start?

(a) when charges reach the electrode? - popular answer
(b) when charges begin to move? -> correct answer

Signal Processing, UFreiburg, 3/2020, N. Wermes
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Induced charge va
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[[ERERRRRRE

A\
]
S

(@) (b) C (© i

Kolanoski, Wermes 2017

Fig. 5.1 Effect of a charge approaching an electrometer. a) An uncharged electrometer which

is insulated against ground. b) A charge g, approaching from infinity,|induces a counter-charge

on the metal surface of the electrometer which increases as the distance becomes smaller.
Within the free-floating electrometer the charge is conserved and hence can only be separated.
The charge with sign opposite of that of g (here ¢ < 0) accumulates on the metal surface
close to g and the same sign charge accumulates on the surfaces further away. This generates
a deflection of the electrometer’s needle. ¢) Grounding the electrometer pedestal allows the
(negative) charge to drain off so that a current signal can be measured on the path to ground.

Signal Processing, UFreiburg, 3/2020, N. Wermes 26



Signal generation in an electrode configuration A
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How does a moving charge
couple to an electrode ?
 respect Gauss’ law and find

7

7w Shockley- Ramo theorem
(Shockley J Appl.Phys 1938, Ramo 1939)

7 weighting field
determines how charge movement couples to
/ a specific electrode
. d@) =
=gy =4 bw? =

induction (weighting) potential
determines how charge movement couples to

a specific electrode



Ramo Theorem (1) ... the derivation
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4

When moving the charge q fromrg to rg + drg the
field of the electrodes E, does the work

v dW, = q Eq dF

This work is delivered by the power supply (Wy) and/or the field energy (WE):

AW, + dWy +dWg =0

If the voltage is kept constant (dV = 0) the work done by the power supply is only
determined by the charge d() extracted from the power supply:

dWy =dQV +QdV =dQV

Here we adopt the convention that dQ is negative if negative charge is moved into the
power supply (or, equivalently, if positive charge is taken from the power supply) and
has the opposite sign as the charge induced on the electrode surface.

Signal Processing, UFreiburg, 3/2020, N. Wermes
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Ramo Theorem (2) v
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The total field energy in the volume 7 bounded by the electrodes is

Wg = %GGO/EQdT

_ _s _s linear superposition of
and E=FEg+ Eq the two components

Accordingly, the potential ¢(7) in the volume bounded by the electrodes can be
represented by the sum of a potential ¢9 without charge ¢ and the potential resulting
from the additional charge g:

s, = do()]s, =V,

O(F) = o(7) + dg(7) Withboundary — g)1s = gy ()|, =0,
conditions b ()]s = " (#)s, = 0.

o

Kolanoskl, Wermes 2015
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4

Ramo Theorem (3)

One can show that also the field energy is
separable into the energy originating from
the static field Ey and the point charge field E,.

Wg = Wg, + Wg,

If g is moved, both field energy contributions

do not change: E, = static, E, does neither do dWg = dWg, + dWg, =0
work on g, nor exchange energy with the 1
power supply (since potentials are fixed).

hence with AW, +dWy +dWg =0 and dWy =dQV +QdV =dQV

/

AW, +dWy = qEodF +dQV =0 = dQV = —q Ey d7

Signal Processing, UFreiburg, 3/2020, N. Wermes 30



Ramo Theorem (3) va
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This means that the work on the charge ¢ is exclusively provided by the voltage source
yielding: .
Ey

dQ = —q 77 dF

independent of the applied voltage
since Eqg «x V

Therefore dQ is also independent of the applied voltage and we define the
weighting field and weighting potential as

dQ E, dF i X (BT

= — w ar S w UD
q dt o
Pt

The result is independent of the presence of polarisation charges or space charge, as long as the polarisation dependence on the applied
voltage is linear. For undepleted or partially depleted Si substrates, time dependent weighting fields are required (Riegler, doi:

10.1016/j.nima.2019.06.056.) For heavily irradiated substrates Ey is, however, almost like the one of fully depleted undamaged substrates.
(Schwandt, Klanner, NIM A 942 (2019), 162418. doi: 10.1016/j.nima.2019.162418).

Signal Processing, UFreiburg, 3/2020, N. Wermes 31



Ramo Theorem, weighting field v
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_y v’ﬂ Calculate weighting potential
{ 3 by setting readout electrode to

)\/4 f V = 1 and all other electrodes to VV = 0.
=0 T =0

Signal Processing, UFreiburg, 3/2020, N. Wermes 32



Ramo Theorem, weighting field

4
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Kolanoski, Wermes 2015

sz — —q E’w,i dr’

i = q Ly, ;v

Signal Processing, UFreiburg, 3/2020, N. Wermes
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Remarks: Ramo Theorem (1) v
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(1) dV (the signal) does not directly depend on V (value of HV)

(2) the true electrode field (- V@) determines
— the direction of the particle
— the velocity of the generated charge movement
= (t), i.e. the time dependence of the pulse shape

(3) the ,weighting field* E,y, = - V®,, only depends on
— the geometry of the electrode configuration
and determines ,How the moving charge couples to a specific electrode”

(4) in a more-electrode configuration like ...

Signal Processing, UFreiburg, 3/2020, N. Wermes 34



Remarks: Ramo Theorem (2) |
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3V V,=0
(a) T (b) 0
2
\\\ ! -
AN i ,’ s
PR
I\ ‘/': / / /
VAR e
i ’\/// /// -
5vo—1;\/ N ae T B—oa V=1 0— 30 V,=0
readout ,"\#/’f}f’\/}x\‘l&‘l\E readout
electrode '/'/,/,’/‘i"/x)r"*w/\\x electrode
17, “ i N
e S AN

O—
D

-1V V4 =0 Kolanoski, Wermes 2015

« The weighting field with respect to electrode i is obtained
by setting the potential of electrode i to 1 (1V) and all other
potentials to 0 (0V)

« It tells us, how the induced charge dQ (current ig) changes
when the charge moves (either by the influence of E,. or
even moving it ,by hand®)

Signal Processing, UFreiburg, 3/2020, N. Wermes 35
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Signal =
charge, current or voltage?

... It depends



A detector is a current source

It delivers a current pulse
independent of the load

One can convert current into
charge (integral) or voltage (via R or C)

Signal Processin

g, UFreiburg, 3/2020, N. Wermes
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Example 1: Wire chamber or semiconductor L
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Output is a charge ... or better: an integrated current

anode - e - Vv :|> /N

£ ‘ R
/ P ,./‘/T/ T
cathode '7 —J-
detector
medium particle Kolanoski, Wermes 2015
r---- Tt
— — 3 ]
[ — o 1oF - | o
. . I I N ; 777*‘“ :
charge integrating ' F\{\ :
amplification W s S
circuit (CSA) — Hadl BEERS
Ehi ddmve - M:s.o;il‘éﬁ‘i if"'—-‘z‘s’o‘n'ﬁj
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Example 2: DEPFET pixels A
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output is a current

- I Slearscleargate 7 g implant
capacitor _ \ gate

cleargate
\ .
drain

n* clear implant sourcememal gate

deep p implant

source clear gate
Gate-oxide; C=C,, W L 9 I
external internal
—&_ ld G | I g
P-<=nel 4 |:> - | LI ?
Source Intermal 5 . P
gate &
drain = Output
A charge q in the internal gate is — via the
capacitance to the channel — a voltage which T
“steers” the channel current |4 together with ‘ R 700 pA/e-
the external gate voltage, which hence . 8g i p ) .
effectively changes by: AV = o q / (Co, W L). q SEL IMAAITEIE Mol
a < 1 due to stray capacitances = sensitive off-state,
Kemmer, J., G. Lutz et al., Nucl. Inst. and Meth. A 288 (1990) 92 W/O power being used

Signal Processing, UFreiburg, 3/2020, N. Wermes 39



Example 3: Pixel detector with very small electrode

4

UNIVERSITAT

output is a voltage
or better: get a large voltage for
a small charge

charge
signal

CMOS
electronics

Cp tiny (~5fF)

\o

(b) Small fill-factor

p - substrate

AVDD
Vreset J j
MO ITELR—O| | M4 IE>B—0|
O VCASN2
B
VCAg\I_| s
OUTA
|

AVSS

M6
]—D&ﬁ v = Qn/Cp large
| M7 e.g. 2000 e- => 60 mV (large!)
M8 .
N % Vi X = VP P (_)

D. Kim et al., doi 10.1088/1748-0221/11/02/C02042

Signal Processing, UFreiburg, 3/2020, N. Wermes
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Examples of signals
by moving charges



Vv
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Parallel Plate Detector



Signal development in a parallel plate detector "

4 T = (d-Xo)/V' T+ = .Xo/V+ >t
) ; ' Q). it)
i(t) A I |
| |
g
-v* e/d =
-v-e/d
v e \
V() > 1
= Q(T)/Cde

Signal Processing, UFreiburg, 3/2020, N. Wermes 43



Signal development in a parallel plate detector (|
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A T— = (d'XO)/V - -‘_+ = XO/V * 1_
! ; ' Q(Y), i(t)
i(t) A I :
| |
-vte/d = T
-v-e/d
V(1) > T now
= Q(t)/Cee v- > v /3
i- > /3
Cie/C,. T -> 3T
slower electron drift
- electron current smaller
I | _e/cdef - electrons need longer time

to arrive

Signal Processing, UFreiburg, 3/2020, N. Wermes 44



Signal development in a parallel plate detector (|

4T = (d-Xo)/V )

|
|
i(t) 4 1
|

-vte/d =

ve/d__

» 1 charge generation closer

to anode

- less electron signal

- total charge after ion
collection unchanged

V(1)
= Q(T)/ Cde

3
- 7 €/Cyey

-e/ CdeT

Signal Processing, UFreiburg, 3/2020, N. Wermes 45



Parallel plate detector (capacitor)
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4

Y particle sgnal
d —+
i S I
ST " Ty
0+ p-°
() (b)
i(t)
A T Tt
i-
i+
>t
+_ f gt a* RN .
ig =q Ey 7 =& =v

» constant E-field
» almost constant velocity (v=pE)
« weighting field simple

E ~
dQ = _QVOdF Ey=—
- 1
vS(t) A
0 \\\\\
v T vt
vV +Vvt
-e/C

—

§=Q5 +QY=—-

=—=v

d

L

d—.’l)o

e

T T+
/ vodt +/ vtdt
d\Jo 0
vt (

)_

e

d

Zo
vt

JE=-]



Induced signal in a parallel plate detector

4
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one e/ion pair

continuous ionisation

N — A <
B4 d
Ey=—=z
—=Vb d Lvp
E true field . Ne
0y
; 4 3 . Y i
i([):(/ E“.-\,-':—()(—EH.\-‘)Z(_J‘_:('_ 0<t S[a' [([): “\-'g—{{l__)
i(f)/ ¢ lq ¢ tq
induced = >
(f) E
current all n
Ne/2
By i “t
q(f)/\ % l
e a >
142 collected . ?
d . -
chc\1rge O.(t)= J(I)i( T)dT= Ne L—l(L]
ta.2 fy T ti 2\14
here: ty = T*

Signal Processing, UFreiburg, 3/2020, N. Wermes
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Signal development in a parallel plate configuration >

. 2kV d=2.35mm
* realistic example: > A=16cm? = C=9pF
Liquid Argon in between Lead Plates e=15
U U v+=15cm/s
v-=0.5 cm/us

-50

-100

vs(t) (uV)

-150

-200

-20

-40

vs(t) (uV)

-60 —

-80

Kolanoski, Wermes 2015

-100 |
0 200

400

t (ns)

Signal Processing, UFreiburg, 3/2020, N. Wermes

600

= T =d/v-=470ns
= T*=16ms

ionisation signal of a point charge

ionisation signal of a line charge
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vV

Silicon Detector
= Detector with Space Charge

note: space charge changes the electric field in the sensor
but NOT the weighting field

Signal Processing, UFreiburg, 3/2020, N. Wermes
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Signal in a Silicon detector (= parallel plate w/ space charge) >

UNIVERSITAT
rticle -V + .
@ T /p [E)| » E-field not constant
- °T * velocity not constant
depletion zone ' underdepletion « weighting field still the same
Xo T ’_’/ full depletion . 1
. Ew = ——=€z
. overdepletion d
d —
n+ Y
(a) X (b) Kolanoski, Wermes 2015
- — V 4+ Ve 2Vie o >
E(w)z_[m;?ﬂ(d_w)_*_v dvdepj|ésx =_[ +ddp_ d‘;px ezz_(a_bx)em
ve = —pE(z) = +p. (a — bxr) = 2, g
vy, = +upE(x) = —pyp, (a — bx) = 3, = 300%
2 0k
100
is(t) = i5(t) + i5(t)

1 1
=5 () (e e+ e -
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Current pulse measurements: TCT technique

4
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transient current

7 1nF
i i 1MQ igital Scope
e 100V §|ngle crystal diamond .. — | Diital Scop
150V
_ 5 1sov is like a pgrallel .plate Ive
P 250y (7| detector filled with a
8 3 —3sov dielectric w/o space i
52 charge ° 1 =
© 1 100V
= 1mm pn — Diode silicon
0 5 10 15 20 25 30 . . .
time [ns]  jiamond - same weighting field
: - different electric field
— |i| === +400V theo.  (6)
10 5. 6 —— +400V meas.  (5)
91 J— ---- +300V theo.  (4)
8 ,t e T oov ) 4 h A v T 510 |© 4300V mess. (3)
= 1A T 200v2) z v G 17 - 4200V theo.  (2)
% g: i‘ .\".."““(f)_ ---- 100V (1) -6% 3] (2) —— 300V (1) E 4l ——+200V meas. (1)
g 4] V.- N - 2 5] =1 >
3 3{ T g 3
g} g . 2 314
1 \ .‘. — =>0
o] 0 £ 2
0 40 80 120 160 3
time [ns] time [ns] o 1
(a) Electron signals from a-particles (b) Hole signals from a-particles im- measurement of E-field
impinging on the cathode. pinging on the anode. 00 2(‘)0 4(‘)0 660 860 10‘00
position [um]
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Current and charge signals

4
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point charge

H @)
p i
D
l8 10
--------- (b)
o _ electrons NeZJO
= .05 D N~
- .
& holes
NeX0
10 Ned

e+h

15 ’
arrival _
electrons arrival
20 5 +—— holes 10
t(ns)
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ig(t) (nA)

Q) (O

-1.0

charged particle track

particle

(c)
15
holes (d)
electrons -
e+h 7]
5 10 s
Kolanoski, Wermes 2015 t(ns)

mi
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Note! s
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* movement of both charges create signals
on both electrodes.
» on every electrode a total charge of

) Y | C ¥ =Q5+Qf =-Ne
é is induced.
d . VA
 if a material the produced charges have

: very different mobilities (like CdTe) e.g.
Xo T z E W|th

M . *Ug un= 0, then part of the signal is lost and
0+ ) the signal becomes dependent on where

the charge was deposited.

. —_—

100%
signal
?

no signal
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Wire Chamber



Signal development in a wire chamber >

UNIVERSITAT

big difference:
O electrode (wire) does not “see” (too small) the charge before gas amplification
Q signal (on wire) shape is governed by the (large) ion cloud moving away from the wire to cathode

1
Avalanche  gN — o (E) N ds with O = Oion Tt =
process: _ Nion
N(LU) — N, e?® gas gain
0 N 1st Townsend coefficient
—_— = G pr— 604.73
No

Signal Processing, UFreiburg, 3/2020, N. Wermes 55



Signal development in a wire chamber like configuration (1)

4

configuration l Yo
cathode /
ote o Ly
Cdet i :. C ,:
1
Kolanoski, Wermes 2015 (a)

= 1 Vo 7
E = — — == —V PE———
() rinb/ar’ 9(r) °In b/a

» We follow our Shockley-Ramo-recip
weighting potential ®,, by setting

bul@) =1, ¢u(b)=0"

* We know already the shape of @\, ~ Inr, since E(r) ~ 1/r
* hence

7find the weighting field E,, or the

- 1 1 7 Inr/b
B = tmpar: )= "hpga

Signal Processing, UFreiburg, 3/2020, N. Wermes

which fulfils ()
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Signal development in a wire chamber like configuration (2) v
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« Now use Shockley-Ramc dQs = —qE,,d7

» we assume that N e/ion-pairs are produced at r = ry. Note that, if there is
avalanche amplification (starting only in the high field region) the vast majority of
charges is produced very close to the wire (r, < 10 um, see previous page)

« then we get immediately

_ 1 ‘1, In 79/a ok
Qs = _(_Ne)lnb/a /ro 'rdr_ —e In b/a ™)

1 ("1 Inb/rq
+ = — N —d — —N
s + e)lnb/a /ro re ¢ Inb/a

« and the total charge is Q¥ = Q5 + Q% = —Ne
however, due to the 1/r dependence of the weighting field the situation is
much different from that of a parallel plate detector: the contribution
from electrons and ions is not necessarily the same but depends on r, (i.e where
the avalanche is created, because only there N becomes large enough that the
signal is “felt” by the electrode (wire).
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Signal development in a wire configuration (3)
cathode ratio depends on ry
J anode QE ln 7‘0/(1,
+ . ~In b/To

1
’
i '_EJ :
i forat |cal confl
1 yp 8 10 mm)
Kolanoski, Wermes 2015 far, way near wire
om wire

Qg )
—= ~ 0.01 —0.02
+ +
<QS -r0=b/2 Q ro=a+te

in wire chambers the (integrated) signal is dominated by the

E i ion contribution. Reason: point of signal creation and
= specific form of the weighting field.
-
) using Ramo and r(t) from the 1/r - E-field, we get ...
T AT Ne 1 rélnb/a
) + 0
0 50/ 100 150 200 1o (t) = tg = ———
/ t (ns) Kolanoski, Wermes 2015 S ( ) 2 ln b/a t + tE)*_ 0 2#+VO
ions only char. time
with 7 = RC filter
(t) Qs(t) Ne (142
s — = — n C
’ Cil ~  2mel + .
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Upshot: Signal formation characteristics in a wire chamber va
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 electric field is large close to the wire @ r = ryjre

=> secondary ionisation has a much larger effect on signal
than primary ionisation

=> avalanche near wire: q - q x 1047

« from there (um’s away from wire) the electrons reach the wire fast
=> very small and fast e- component of Q;

« ions move slowly away from wire => main component of Q;u(t)
 signal only relevant after avalanche ionization = quasi only Q(t)

» the term ‘charge collection’ is more justified in wire chambers than in other ionisation
detectors (e.g. parallel plate detectors) since most of the signal is created only very close to
the wire
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Cathode readout

4
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signals are induced on BOTH (ALL) electrodes => exploit for second coordinate readout

Signal Processing, UFreiburg, 3/2020, N. Wermes

wire chamber
with cathode readout

e | RN double sided
LH R silicon strip detector

kY
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Structured Electrodes
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Now: Weighting field for structured electrodes A
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neighbour electrodes  hit neighbour electrodes

I




vV
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Excursion:
Weighting field calculation
by conformal mapping

Signal Processing, UFreiburg, 3/2020, N. Wermes
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Weighting Potential for Strip- or Pixel Electrodes - | >

UNIVERSITAT

The problem: find the weighting potential for a special geometry by solving the
Poisson equation. Then apply the Shockley-Ramo theorem to find the induced pulse.

Id I our geometry
D=0 D=1 D=0 _ _
X q)l - 1 (Drest - O

mathematical help by complex analytical functions

f(z) = f(@ +iy) = u(z,y) +iv(z,y)
Ne—— N
Re(/) Im(y)

for which the Cauchy-Riemann @ _ @ , @ _ _@
differential equations hold: or Oy ’ Oy Ox
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Weighting Potential for Strip- or Pixel Electrodes - || >
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example:  f(z) =22 = (x+iy)? =2% —y? + 2ixy

Ref =2 —y*:=u Imf =2xy :=v

ou ov ou ov not a trivial
— =2 = — — =2y = —

Ox oy Oy Ox property !

ulre y) = 20w 4 8 du _ 8 Ov _ 0 duv _
Au’(‘l:’y)_('?m‘m-l_('?y y ~ Ox Oy (’?y('?:r:_o
Av(z,y) = 0

i.e. the Poisson equation is fulfilled for u and v

Our problem is therefore reduced to: Find an analytic function whose real part u(x,y)
or whose imaginary part v(x,y) satisfies the boundary conditions of our geometry.
Since it is analytic, then the Poisson egn. Au = 0 is automatically solved.
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Weighting Potential for Strip- or Pixel Electrodes - Il| >
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Our method: conformal (i.e. angle conserving) mapping!
Here: angles between potential and electric field lines are conserved.

We start with a simple geometry and map its boundary to the desired
(more complicated) boundary.

recipe
1. Assume that z, = f(z4) does this mapping (from simple to complicated geometry)

2. Solve the (weighting) potential for the simpler geometry
3. Invert the mapping to obtain the (weighting) potential for the new geometry.

The procedure in our case: start with parallel plate configuration

/ / / by superposition
map to o then to get

(a) Geometrie (D).  (b) Geometrie ).  (¢) Geometrie (3). (d) Geometrie 3.
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Weighting Potential for Strip- or Pixel Electrodes - IV
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example for mapping 1:  f(21) = 2z := e™*
—)
A. ’ A Y (a) Geometrie (D). (b) Geometrie ().
' [
-—® ® B—  fz)=€"
® 7 ™ ©
~0 ®|6 ©— ~® ® ®|lo O ©—
I > X A ! > X

check it using

=
[SV]
_I_

check
@: fi—o00) =€ e =0"
0M: f(i +00) =e*-e'™ = e*(cosm+isinmT) = —00
©): f(oo) = €™ =
O: f(—o0) =e > =07
e®: f(07)=e™ =1
o ®: f(i) =e™ = -

S~
—~
o <.
=
Il
o
3
+
I
p—t

e = f(21) = e @ HW) = o™ (cog(my, ) + i sin(ry;))

In geometry (1) the potential ®4(x,y) is given by
(I)l(Zl = X1 + lyl) — Im(zl) = Vi

and satisfies the boundary conditions of a
parallel plate geometry fulfilling (trivially) the

= Poisson egn. A®,(x,y) = 0.

Signal Processing, UFreiburg, 3/2020, N. Wermes
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Weighting Potential for Strip- or Pixel Electrodes - V

UNIVERSITAT

4

Step 2: @, =1m(z,) = y, satisfies the boundary condition ®,(z,= x+i1) = 1, ®4(x,0) = 0,

and is solution to the Poisson eq. (plate capacitor). 2
1
We now search @,(z,) = @4(z4(z5)) = Im <;1n Z2) R
. remember
(smce el = 29 = 2 = ;ln 29 ) 2 = [zlei®
Inz = In|z| + i¢

being the potential of the mapped geometry
with Arg(zs2) = ¢ (mit 0 < p < 27)

Imz

Rez

Im(Inz) = ¢ = Arg(z) = atan

1 Imz
Do(29) = ;atan (Re zz

) = Foten ()
= —atan | —
A X9

geometry (2)
... as expected

Signal Processing, UFreiburg, 3/2020, N. Wermes
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Weighting Potential for Strip- or Pixel Electrodes - VI >

Step 3: our wanted geometry (first only part of ity ~— | — |
y () Geometrie D). AY ﬁcmz@_
== i
7~
s ®T© 2= e — ; 2= >y
Mapping 1 . 1 . .
Function 20 = f(z1) = _7_rln(1 — ™) = —7—rln(|1 — ™ +ing)
remember : In(—x) = In(e*™ x) = ir + Inx = Inx — ir
0 G: f(01) = —%lfl(l — ™) = —ilm(1-1")=-LIn0~ = —-LIn(0*" e ' )
= —1(—0co —im) =i+ o0
®: f(07)=-Lln(1-e™)=-LIn(1-17) =—-LIn0" = —L(—00) = +o0
®: f(i) = —LIn(l — ™) = —LIn |1 — e| + arctan(0) = —2&)
check 0d: f(i—o0)=—LIn(l—-ee )= —LIn(l+e ) =-0"=0"
O: f(—x)=—LIIn(l—-e>)=...=-0" =07
@®: f(l+o0)=—-LIn(l+e*)=...= -
Signal Processing, UFreiburg, 3/2020, N. Wermes ©: f(+00) = —%ln(l —eX) = _%(—iﬂ +o0)=1i— 69



Weighting Potential for Strip- or Pixel Electrodes - VII >
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as before, the inverse mappingis 2z, = f—l(ZQ) = —In(l — e ™)
T

atan (x)
and hence Py(22) :=Im(z) = Im (£ In(1 — e~ "*2)) .
= ~Arg(l— e ™) ’J
1 e~ ""sin(wy) w2 |
-7 arctan 1—e~™* cos(my)
1 sin(7wy)
- ;aICtan er® —CZ)TS(TF'!/) 0 8 % 4 20 2 4 6 8 10
z<0,y=0": X
Y 1 0t 1
$, = — arctan = —arctan 0~ = 14/
o BN ™ 1- -1 i
check r>0y=0t:
y 1 0t
$y = — arctan — 7 =0y/
s T ere —
y=1": , 1 0+
e ¢, = — arctan = O\/
™ e 41
—_—
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Weighting Potential for Strip- or Pixel Electrodes — VIII >

b= 4 y
Plotting the new S
potential @,(z,) then yields S >
O=] O= X
to arrive at the final geometry: superimpose several geometries
N N N
@=0 @=0 ®=0
-
@=1 + =1 @=1
a2 X -a/2 X X
sin(7y) 1 sin(7y)
stri = —arct — arct — (1 —
O2,strip (22) 7w O ora—af2) _ cos(my) T MR ) cos(my) (1-y)
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Weighting Potential for Strip- or Pixel Electrodes - IX >
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more elegantly using the “Schwarz-Christoffel-Transformation”

1 e _ pTa

7= f(z)=i— —In leads to the simpler (but equivalent)

2 T em —1 form
1 sin(7y) - sinh(w%)
b , = — t N
(,9) I cosh(mz) — cos(my) cosh(m5)

N

S 02 -

Can be calculated e.g. by “conformal
mapping” technique (see e.g.
Kolanoski, Wermes, Appendix B)

or by using “Schwarz-Christoffel
transformations” (e.g. in Morse,
Feshbach: Methods of Theoretical

a Physics, Part | and Il., McGraw-Hill)
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Charge/current induction on strip electrodes

In case the strips are segmented,
the induced charge on each strip will .
change when the charge q is moving.

The movement of the charge therefore @ -
induces currents that flow between
the strips and ground.

This is the principle of signal generation 'q
in ionization detectors.

TTT okl
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Small pixel effect

weighting potential for different pixel sizes !

o, I

08 i

_ / flat electrode layer (=no pixel/strip)

061

|~ small pixel/strip

y = distance from strip plane

1 0wy .. .

= X = position on strip plane
o | a = strip width
0.6
0.4

0.2

0

X Kolanoski, Wermes 2015

Fig. 5.13 Plots of the weighting potential ¢ according to (5.94): (a) ¢w as a function of the
distance y from the strip plane at z = 0 (strip centre) for different strip widths a; (b) ¢w as a
function of the distance = from the strip centre for different distances y from the strip plane at
fixed strip width a = 0.2 (c) ¢4 in two-dimensional representation at fixed strip width a = 0.2.
All lengths values are given in units of the detector thickness d.
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End excursion
Consequences for signal generation
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Signal generation in a segmented detector (1-dim)

4
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. . V=.
®,y for a strip/pixel geometry
1 sin(ry) - sinh(7 ) :
45 = = t 2 04
(z,4) 7 aretan osh(ra) — cos(my) cosh(r ) YI -
(Can be calculated e.g. by “conformal mapping” technique (see e.g. X \!: \\V/:
Kolanoski, Wermes, Appendix B) or by using “Schwarz-Christoffel '
transformations” (e.g. in Morse, Feshbach: Methods of Theoretical V=0 V=1 V=0

Physics, Part | and Il., McGraw-Hill)
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Particle Deposition
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current (A)

"small pixel effect

llI

neighbor pixel

hit pixel




Weighting field in pixel (and strip) detectors .. A

(@) (b) |+
|“ f
|
l \
—_ \
dQ) dr |
) q Loy ,q - .
0 02 04 06 08 1 0 02 04 056 08 1
(©)
. — — , | cumentonstrip 1 10} charge onstrip 1
7] . — q E -V . osf
S, w, 1 =i wl
B —-a=10
El 04l
.l L
1k R er
o2 o
current on strip 2 (neighbour) 0s
1+ aal
0 — '_? — o3} 03
1 — a=02 \ 0z -
— 2=0 :
—'fog o ~‘~~-”‘ '\
* . . 10 ey —
Kobnoskl, Wermas 2015
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Concluding ... consequences ... L
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hit
qualitatively the 1
situation then
roughly is like this 2 -1 0 1 2

Qs(t)/\/\f ~ |

SN AN TN
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Pop-up questions v
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@ What does the term “charge collection” imply and to what extend is it misleading?

@ integration of the deposited charge at the electrode until arrival of all charges
misleading since the signal appears instantly, not only after arrival, term
appropriate for wire chambers with intrinsic charge amplification.

@ What does the “weighting field” specify?
@ the coupling of moving charges to the measurement electrode.
@ Formulation of the Shoc@ey-Ramo Theorem? -
o current: ig; = qE,, ;U charge: dQ = qV Oy dr
@ What changes regarding signal development when going from a parallel-plate gas-filled detector to a
semiconductor detector with space charge?
@ Weighting field remains the same, electric field is no longer constant
@ What is the reason that ion drift governs the signal development in a wire chamber?
@ Due to (a) avalanche multiplication happens only very close to the wire and (b) to the specific shape of the
weighting field.
@ For multi-electrode geometries ... how is the signal development for the “hit” electrode compared to
neighbouring electrodes?
@ (hit) current returns to zero upon arrival of last charges (unipolar); (neighbour) bipolar
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