
E =
U

d
=

100 V
300 · 10−6 m

≈ 3 · 105 V
m

= 100 V

U =
e

2�
NAd2

d ≈ xp ≈
�

2�U

eNA

Basic Semiconductor Detector

Requirement:
Large sensitive region ...

We know:

Typical: NA = 1015/cm3

n+ region highly doped: ND » NA

p
[ρ = 10 kΩcm; NA]

1 μm

1 μm

300 μm

n+ and p+ needed to 
allow metallic contacts ...
[High doping = small depletion zone]

p+ dead layer   

Metal contact     

Sensitive volume

Bias    

n+ 

Bias voltage supplied 
through series resistor ...

Signal    

Electric field:

[Safe. Breakdown limit at 107 V/m]
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Pulse Shape Estimate

Die induzierte Ladung hängt also vom Entstehungsort ab (Abb.6.11) :
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Abbildung 6.12: Modell für Linienquelle

Nimmt man konstante Ionisation an, so gilt für den Strom im äußeren Kreis
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Dies erwartet man qualitativ, da jedes Elektron im Mittel nur den Weg d/2 zurücklegt.
Dieses Signal wird auch in einer Flüssig–Argon–Ionisationskammer (siehe Kap.8) beobachtet.

6.4.3 Berücksichtigung von Verunreinigungen und Ortsabhängigkeit von !E

Für einen Si–Halbleiterzähler ist selbst im idealen Fall die Signalform komplizierter, da in
diesem Fall das E–Feld ortsabhängig ist.
Für unser Halbleiterzählermodell nach Abb.6.9 gilt (Kap.6.3.1)
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6.4.3 Berücksichtigung von Verunreinigungen und Ortsabhängigkeit von !E

Für einen Si–Halbleiterzähler ist selbst im idealen Fall die Signalform komplizierter, da in
diesem Fall das E–Feld ortsabhängig ist.
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Electric pulse 
arises from induction ...
Movement of electron from x ➛ x+dx 
yields change in potential energy:

also:

x
UB

d

[dQ = charge collected by capacitor]

Thus:

drift velocity

I =
dQ

dt
=

dQ

dx

dx

dt
=

e vD

d

= e
d− x

d

Q = e
vD

d
· t = e

vD

d
· d− x

vD

I(t)

t

t

Q(t)

(d-x)/vD tmax = d/vD

ionization 
at position x

ionization 
at position d

Induced charge depends on
location of electron-hole production ...
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Signal Pulse Shape

Pulse form for line source:
[simple estimate]

Current:

Charge:

Total charge after tmax = d/vD:

Q(t)

t
tmax

½ N0e
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Particle

Semiconductor
Detector

Charge time dependence
for line source

Simple model
of a line source

Electrons
: Qmax = ½ N0e 
Holes
 
 : Qmax = ½ N0e 

Qtot = N0 ⋅ e

Remark: such a signal is e.g. seen in 
LAr ionization chambers.

'location' of
 first pair; x(t) ...



E = −eNA

�
· x

σ = e(nµe + pµh) ≈ eNAµh

E =
x

µhτ
τ = �/σ

v =
dx

dt
= −µe E =

µe

µh

x

τ

x = x0 exp
µet

µhτ
t = τ

µh

µe
· ln

x

x0

Qe(t) = − e

d

� t

0

dx

dt
dt =

e

d
x0

�
1− exp

µet

µhτ

�

Signal Pulse Shape

More realistic treatment:
Electric field is x-dependent ...

assuming simple model for charge 
distribution over depletion zone ...
[see above]

Conductivity: 

Electric field:

[as here: p ≈ NA, n ≈ 0]

with

Thus: 

[typical: τ = O(few ns)]

Use our example for
typical Si-Detector

For an electron at location x within
the depletion zone:

Assuming μe, μh to be independent 
of E and thus of location x ...

i.e. drift velocity not constant!

and

Charge induced by electron 
as a function of time ...
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e
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�

v =
dx

dt
= µh E = −µh

µh

x

τ
= −x

τ

x = x0 exp
�
− t

τ

�

Qh(t) = − e

d
x0

�
1− exp

�
− t

τ

��

d = x

Qtot(t) = Qe(t) + Qh(t)

Qtot = Qe(td) + Qh(t→ +∞) =
e

d
x0

�
1− d

x0

�
− e

d
x0 = −e

Signal Pulse Shape

Induced charge
from electrons:

Similar for holes:

and thus:

t = τ
µh

µe
· ln

x

x0

Using:
and

Summation yields:

Typical signal shape
in semiconductor detector



d = x

τ = �/σ

Signal Pulse Shape

Signal rise time 
essentially determined by

t = τ
µh

µe
· ln

x

x0

Using:
and

Typical signal shape
in semiconductor detector

i.e. typically in the order of nanoseconds.
[Typical: 1/σ = ρ = 10000 Ωcm; ε ≈ 10-12 s/Ωcm]

Further complications:

Consider particle trajectory
[here only for one electron-hole pair]

Tracks not exact line charge
[distributed over typically 50 - 100 μm width]

μe and μh not independent of E-field
[i.e. need to introduce μ(x) ...]

Potential losses due to traps
[loss or delayed charge induction]

...



R =
∆E

E

Ni =
E

�0

σ2 = FNi ➛ R = 2.35
√

FNi

Ni
= 2.35

�
F �0
E

E ∼ Ni , σ2 ∼ Ni , ∆E ∼ 2.35σ ∼ 2.35
�

Ni

Ionization Yield and Fano Factor

Energy resolution:
Definition of 
energy resolution

Gaussian:
FWHM = 2.35 σwith ΔE defined

as full width half maximum ...

Electron-hole pairs:
[or number of ionizations ...]

with ε0 defined as average 
energy per ionization ...

Resolution estimate:

If full energy is absorbed this estimate is incorrect, as E is fixed and thus 
cannot fluctuate, i.e. fluctuations are not all independent and ...

R = 2.35
√

Ni

Ni
= 2.35

�
�0
E
∼ 1√

E

[F: Fano Factor]

For many detectors F < 1;
yields better resolution ...
[e.g. semiconductors or gases]



E0 = Ei · Ni + Ex · Nx

σi =
�

Ni σx =
�

Nx

Ex · ∆Nx + Ei · ∆Ni = 0

Exσx = Eiσi
σi =

Ex

Ei
σx =

Ex

Ei

�
Nx

Ionization Yield and Fano Factor

ε0
[@ 300 Κ]

ε0
[@ 77 Κ]

Egap

Si 3.6 eV 2.8 eV 1.1 eV

Ge – 2.9 eV 0.7 eV

Energy loss:

Only ~1/3 of the energy loss produces electron-hole pairs;
About 2/3 is used for lattice excitations, i.e. phonons ...

ε0: mean energy per electron-hole pair

Phonon excitation	 : 	 Ex ~ 0.037 eV 
Ionization		 	 :	 Ei = Egap ~ 1 eV  [e.g. 1.1 eV for Si] 

Energy loss per process:

Energy conservation:

E0	 : total energy deposited; fixed ...

Nx	 : number of excited phonons
Ni	 : number of ionization, i.e. electron-hole pairs

ΔNx 
 : fluctuations of Nx

ΔNi
 : fluctuations of Ni

with

On average:

as fluctuations in Ni are compensated
by fluctuations in Nx to keep E0 constant ...

with ,
➛



Nx = (E0 − EiNi)/Exσi =
Ex

Ei
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Ni

Ni = E0/�0

∆EFWHM = 2.35 · �0
�

Ni F = 2.35 ·
�

�0 F E0

Ionization Yield and Fano Factor

E0 = Ei · Ni + Ex · Nx

Variance of Ni: using

=
Ex

Ei

�
E0

Ex
− Ei

Ex

E0

�0
=

�
E0

�0

�
Ex

Ei

�
�0
Ei
− 1

�
=

�
Ni F

Fano Factor F

➛

Numbers:

Yields resolution
better than expected ...

Si
 :
 ε0 = 3.6 eV  @ 300 K
 
 
 F ≈ 0.1
Ge
 :
 ε0 = 2.9 eV  @ 77 K
 
 
 F ≈ 0.1

Resolution:

Example: Photon of 5 keV; Eγ = E0   ➛ 
 ΔE = 100 eV, ΔE/E = 2% [instead of 6%] 



Energy Resolution
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Energy resolution due to statistics 
of charge carriers

In addition:

Non-uniformities in charge
collection efficiency ...

∼
√

E



Energy Resolution

Comparison
of energy resolutions ...

Scintillator [NaI(Tl)]: 1 MeV photon; σ/E ≈ 2%; ΔE/E ≈ 5%
[Ni = 40000 photons/MeV x η x Q.E.; η =0.2, Q.E. = 0.25; σ/E = 1/√Ni]

Semiconductor [Si]: 1 MeV photon; σ/E ≈ 0.06%; ΔE/E ≈ 0.15%
[Ni = 300000 e/h-pairs/MeV; η ≈ 1, Q.E. ≈ 1; F = 0.1 σ/E = √F/√Ni ]

Energy resolution of a semiconductor detector 
can be better by a factor 25 to 30.

This is indeed observed:
[for Eγ = 1.33 MeV]

Ge(Li) Counter: 	 	 Resolution of 0.15% possible (at ~ 1 MeV)

NaI(Tl) Detector: Resolution of about 6% (at ~ 1 MeV)
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Comparison 
of two 60Co γ-spectra
one measured with NaI(Tl) 
and With Ge(Li) Detector 



Energy Measurement – Realization

p
[ρ = 10 kΩcm; NA]

1 μm

1 μm

300 μm

p+ dead layer   

Metal contact     

Sensitive volume

Bias    

n+ 

Signal    

Diffused Barrier Detectors
[or Diffused Junction Diodes]

[see above]

Material: p-type semiconductor
with n+ and p+ surface contacts ...

Impurities [e.g. phosphorus for n+]
are diffused into one end of homogeneous 
p-type semiconductor at high T ~ 1000 °C

Typical dimensions:
Surface layers (n+/p+)
 : 0.1 to 2 μm
Depletion layer (p-type)
 : 300 μm

Disadvantages:
	 Highly doped n+ surface leaves relatively thick dead layer for particles entering the detector ...

 i.e. soft or short range particles (e.g. α's) not measured as they don't reach depletion layer ...

 or part of the deposited energy is not measured ➛ degraded energy resolution

Alternative: Ion-implanted Diodes
[Advantage: Thinner entrance windows of ~50 nm; lower T ~ 500 °C yielding higher lifetime]



Energy Measurement – Realization

Surface Barrier Detectors

6.7 Halbleiterzähler zur Energiemessung

In Kap.5 hatten wir gesehen, daß man mit Szintillationszählern nur Auflösungen in der
Größenordnung ∼ 6 % erreicht. Da zur Erzeugung eines Elektron–Loch–Paares in Si 3.6 eV
(Ge 3 eV) benötigt wird, während man für NaJ (T l) in der Größenordnung 180 eV zur Erzeu-
gung eines Quants benötigt, ist unter der Annahme der Poisson–Statistik eine Verbesserung
der Auflösung um den Faktor

σSi

σNaJ
=

√

3 eV

180 eV
≈ 8

besser. Nimmt man den Fano–Faktor F = 0.09 hinzu, dann erwartet man eine Verbesse-
rung um den Faktor ≈ 25. In der Tat wird eine solche Verbesserung beobachtet. Mit einem
Ge (Li) –Zähler erreicht man eine Auflösung von 0.15 %, für NaJ (T l) ist die Auflösung
etwa 6 % (Eγ = 1.33MeV ).

Wie realisiert man diese Halbleiterzähler ?

6.7.1 Diffusions–Sperrflächenzähler

′
′
′
′
′
′
′
′
′
′
n+ p+

+ VB
p

′ ′′

! d ""!
0.1...2µ

Die dünne Donatoren-
scheibe ist hoch dotiert

d ∼
1

√
nA

Störend bei diesem Zählertyp ist das tote Volumen an der Oberfläche, insbesondere beim
Nachweis schwerer und damit stark ionisierender Teilchen (Signalverlust).

6.7.2 Oberflächensperrschichtzähler

′
′
′
′
′
′
′
′
′
′

AuSiO2 n+

+ VB
n

′′ ′

"!
d

Herstellung : n–leitendes Basismaterial, Oberfläche oxidiert und sehr dünne
Au–Schicht aufgebracht (lichtdurchlässig !)

Für die empfindliche Zone gilt:
d ∼

√

VB .

Man erreicht als typische Werte d ≤ 5 mm.

103

n-type
(Si)

SiO2

Au Al

Very thin metal contact layers (~ 20 nm)
[n-type Si with gold or p-type Si with Aluminum]

-UB

Electrons diffuse into metal ...
Different Fermi levels lead to contact electromotive force 
(emf); potential arises via equilibration process ...

Fabrication process: etching silicon surface
and depositing thin Au layer by evaporation ...

Processing temperature: 20 °C
Si-Surface must be oxidized before Au deposition ...

Yields depletion depths of up to 5 mm [~ √UB]
Depletion zone extends through entire thickness of the silicon layer
[high depletion possible due to high resistance]

Advantages:
Thin entrance window ...
Full depletion allows dE/dx measurement
Applying -UB at metal: high potential barrier; no dark currents
Increasing bias voltage beyond full depletion ➛ faster signal rise

Disadvantage:
Sensitivity to visible light ... 
requires light enclosure

Surface Barrier Detectors
with thin gold layer
[Schottky Diode]
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eϕm

eϕs
eΧs

eϕs

eΧs
eϕm - eΧs

eVint

EF (Au)

EV

EV

E

EF (Au)

ECEF (Si)

EF (Si)

Metal

n – Si

n – Si

Metal
2-band model
of Schottky diode

Metal - Si
separate

Metal - Si
in contact

Development of 
Depletion zone: 

Occurrence of electromotive force ...

Electrons diffuse into metal until 
Fermi levels become equal ...

eϕm
 :
 work function of metal
eϕs
 :
 work function of semiconductor
eΧs 
 :
 work affinity of semiconductor (material constant)

eϕΔ 
= eϕm - eΧs 
 (potential well)
eVint 
≈ eϕm - eϕs 
 (potential difference seen by carriers)

Results in strong E field at surface ...

–

+



Energy Measurement – Realization

ρ(x)

x

x

E(x)

Charge and E-field distribution
for a Schottky diode

Surface Barrier Detectors 
can be operated as a diode.
[Schottky Diode]

Metal

Metal

n - Si

n - Si

Metal-Si contact:
	 Electrons diffuse from metal to Si until 
	 	 EF(metal) = EF(Si); 

	 Strong electric field at boundary prevents 
	 further electron diffusion into metal

With bias voltage:
	 Reverse bias: positive potential of n - Si 
	 w.r.t metal; increased potential well, electron carriers cannot tunnel from Si to metal.

	 Forward bias: negative potential of n - Si 
	 w.r.t metal; decreased potential barrier, current can flow.
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Examples of
Surface Barrier Detectors

57Co Spectrum
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850 eV FWHM
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  AMPTEK INC.    6 De Angelo Drive, Bedford, MA  01730-2204 U.S.A.
  Tel: +1 (781) 275-2242  Fax: +1 (781) 275-3470    email: sales@amptek.com   http://www.amptek.com

X-RAY and GAMMA RAY DETECTOR
HIGH RESOLUTION CdTe

CADMIUM TELLURIDE

DETECTOR TECHNOLOGY ADVANCEMENT - The XR-100T-CdTe provides “off the shelf” performance
previously available only from expensive cryogenically cooled systems.

Model XR-100T-CdTe is a new high performance X-Ray and
Gamma Ray Detector, Preamplifier, and Cooler system using
a 3 x 3 x 1 mm3 Cadmium Telluride (CdTe) diode detector
mounted on a thermoelectric cooler.  Also, on the cooler are
mounted the input FET and feedback components to the
Amptek A250 charge sensitive preamp.  The internal compo-
nents are kept at approximately -30°C, and can be monitored
by a temperature sensitive integrated circuit.  The hermetic
TO-8 package of the detector has a light tight, vacuum tight
10 mil (250 µm) Beryllium window.

All the critical connections between the detector and
preamplifier have been made internally to the XR-100T-CdTe
to ensure quick, first time operation by the user.  The
XR-100T-CdTe is provided complete with BNC connectors
and power cable.

In order to facilitate the use of the detector, Model
PX2T was developed to provide the DC Voltages needed to
operate the XR-100T-CdTe, and the signal processing
through the Shaping Amplifier and Rise Time Discrimination
(RTD) circuits.  The signal output from the PX2T can be
connected directly to a Multichannel Analyzer (MCA).

The XR-100T-CdTe is capable of detecting energies
from a few keV to several hundreds of keV.

XR-100T-CdTe

APPLICATIONS: FEATURES:
• Medical X-Ray & Gamma Ray Detection • CdTe-Diode Detector
• Mammography, Radiology & Conventional X-Ray • Thermoelectric (Peltier) Cooler
• Uranium & Plutonium Detection • Cooled FET
• Portable X-Ray & Gamma Ray Instruments • Beryllium Window
• Research & Teaching • Temperature Monitor
• Nuclear Plant Monitoring • Hermetic Detector Package
• X-Ray Fluorescence • Wide Detection Range
• Art & Archaeology • Amptek A250 Preamp

DetectorFET

Mounting
Stud

Cooler

Temperature

Be
Window

Monitor

[SSB] XR-100T-CdTe TYPICAL PERFORMANCE
All spectra below were taken with a 3 x 3 x 1 mm thick CdTe-diode detector with the use of RTD.

All the spectra are taken with the Amptek MCA8000A multichannel analyzer.

Co
un

ts

Energy (keV)

241Am Spectrum

600 eV FWHM

59.54 keV

13.95
keV390 eV

FWHM

FAST ComTec (www.fastcomtec.com)
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Uranium Oxide Spectrum (UO3)

U-235
185.72 keV1.33 MeV

4.17 keV FWHM @ 1.17
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Energy Measurement – Realization

p-i-n Detectors:
[Lithium drift diodes]

Obtain thicknesses 
greater than few millimeter ...
[needs very high resistivity; intrinsic semiconductor]

Idea: 
Create thick depletion layer by 
compensation of donors or acceptors ...
[i.e. produce intrinsic layer]
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p-type
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compensated

Compensation process:

Start with high purity p-type Ge or Si
[acceptor typically B (boron)]

Bring semiconductor in contact 
with Li bath @ 350-400 °C;
[Li diffuses into p-layer]

Apply external field; Li drifts far into 
crystal and compensates B locally
[equilibration process]

i. 

ii. 

iii.

–
–
–
–

+
+
+
+

n

p

i

p-i-n detector

up to several cm

p-Si + Li = neutral
[like true intrinsic material]

ρ = 2⋅105 Ωcm possible

Ge(Li) detectors need
permanent cooling 



Energy Measurement – Realization

Intrinsic Ge Detectors:
[High Purity Ge Detectors]

Since 1980ies: possibility to produce very pure Germanium, 
i.e. produce intrinsic semiconductor without need for compensation ...

Purification process: zone melting
Successively melting narrow regions of a crystal moves impurities to end of ingot ...
Repeating process yields very high purities [< 109 impurity atoms per cm3]

Advantage: no cooling needed 
[except for noise reduction]

Zone 
melting

Applications:
[depends on detector size and energy range]

-  γ-spectroscopy
-  low energy electron detection
-  detection of strongly ionizing particles
-  dE/dx for particle ID 
-  ...



�→ bb̄W+W−

pp → H + X

�→ bb̄

Position Sensitive Detectors

Motivation:

b-Quark tagging & life time measurements
via secondary vertex finding ...

e.g.:

Typical lifetime: τ = 10-12 .... 10-13 s

γcτ 
= γ ⋅ 3⋅1010 cm/s ⋅ 10-13 s

 = γ ⋅ 30 μm

pp̄ → tt̄ + X [Tevatron]

[LHC]

To measure lifetime in picosecond regime
one needs spacial resolution of the order of 5 - 30 μm ...

Thus: CDF top-pair event
[Mtop = 170 ± 10 GeV]



Position Sensitive Detectors
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Figure 3: Proper time distributions with the result of the fit overlaid for the two samples.
The plots show the background contributions to the samples, together with the B̄0 and B−

components.

τB− = 1.648 ± 0.049 ps,

where the errors are statistical only. The statistical correlation coefficient is −0.35. The
ratio of the lifetimes is

τB−/τB̄0 = 1.085 ± 0.059,

taking into account the correlation.

The proper time distributions for the two samples are shown in Fig. 3, with the results
of the fit overlaid.
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Position Sensitive Detectors

n-type

n+

p+ p+

SiO2

– U SignalAl 15 μm

5 μm

30
0 
μm

Principle:

Segmentation 
into strips, pads, pixels ...

Schematics of
Silicon Strip Detector

[from 1983]

Typical parameters:
Thickness: 150 - 500 μm
Strip separation (pitch): 20 - 150 μm

Resolution:  5 - 40 μm (pitch/√12)

Charge collection: 20 ns
Charge integration: 120 ns

Operation voltage: 160 V

Output signal:
Total charge: Qout ~ 4 fC

Average energy loss of MIP: 300 eV/μm; Si: 3.6 eV/pair.
Thus 80 electron-hole pairs per μm; 
300 μm thickness  ➛ 25000 pairs/MIP

High resistive n-type silicon
onto which p+ diode strips with

aluminum contacts are implanted



Position Sensitive Detectors

σx = ∆s/√12

centroid resolution
  σx ! (∆s/2)(N/S) 

∆s: strip pitch

Readout:

Reduction of electronic channels
using charge devision method ... 

Calculate center of gravity
of collected charges ...

Original schematics 
of first micro-strip detector

[Hyams et al., 1983]

two-strip
cluster

one-strip
cluster



∆x =
Nδ · rδ

2

Nδ + Np

∆x =
5500 · 2.5µm
6700 + 5500

= 1.1µm

Position Sensitive Detectors

Limitations:

+

+

+

+

+

+ –

–

–

–

–

–

–

–

– +

+

particle

δ-electron

High energy δ-electrons limit spatial resolution
as they shift center of gravity of the signal ...

Rough estimate:
[Perpendicular scattering; δ ⊥ track]

rδ
 : average range of δ-electron
Nδ
 : number of electron-hole pairs from δ-electron
Np	 : number of electron-hole pairs from primary track

Then:

Example:
100 μm thick Si-counter

Pion [5 GeV]
 : 240 eV/μm  ➛  6700 electron-hole pairs
δ-electron
 : with 10% probability T > 20 keV; rδ = 5 μm

   complete absorption ➛ 5500 electron-hole pairs

➛

resolution limitation; 
increases with thickness



Position Sensitive Detectors

Limitations:
15 μm

300 μm

Landau fluctuations: production of 
δ-electrons can disturb charge devision ...
[worse for thick counters; see figure]

Noise: position measurement requires S » N; 
center of gravity influenced by S/N.

Diffusion: smearing of charge cloud 
deteriorates double hit resolution

Magnetic field: Lorentz force has impact
on drifting electrons and holes. 
[track signal displaced if E not parallel to B-field]

45°

Energy loss ≈ 5 keV
10% probability to produce 5 keV δ

Resolution limited to 15 μm/√12 ≈ 4 μm

Energy loss ≈ 100 keV
10% probability to produce 100 keV δ

Resolution limited to 300 μm/√12 ≈ 90 μm
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Breitere e− + –Wolke induziert Signale auf > 1 Streifen, durch Schwerpunktsbildung
kann man die Ortsinformation verbessern. Zum Nachteil wirkt sich dabei allerdings aus,
daß die Doppelspurauflösung sich verschlechtert.

• Einfluß des Magnetfeldes
Häufig sind ortsauflösende Halbleiterzähler in !B–Feldern aufgebaut. Die Lorentz–Kraft
wirkt auf die driftende e− + und beeinflußt stark das Signal (Abb.6.19).

La
du

ng
/ µ

U = 120 V

−10 0 10

= 6

X

[w
ill

k.
 E

in
he

ite
n]

µ!

B =  0 T

[   ]µ

/µ
La

du
ng

X [  ]µ

[w
ill

k.
 E

in
he

it]
B = 1.68 T

U = 120 V

−10 0 10

Abbildung 6.19: Ladungsverteilung, die von Halbleiterdetektoren registriert wurde für den
Nachweis ohne bzw. im Magnetfeld (nach [77])

• Rauschen
Die Rekonstruktion der Spur ist nur möglich, wenn das Verhältnis

Signal /Rauschen " 1 .

Sonst beobachtet man Geisterspuren bzw. die Spurrekonstruktion ist unmöglich. Das
Beispiel Abb.6.20 zeigt die Probleme.
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Beispiel Abb.6.20 zeigt die Probleme.

109

Position Sensitive Detectors
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Spatial distribution of collected charge
in presence of magnetic field



Heute erreicht man eine Ortsauflösung σ = 12−15µ und eine Ortsgenauigkeit des Vertex von
σ ≈ 27µ+ 98 µ/GeV

p⊥
. Damit kann man bei LEP/H1 Teilchen von Lebensdauern von 300 fs (τ–

Lepton, b–Quark, c–Quark) wirklich beobachten. Deutlich ist die exponentielle Abhängigkeit
zu erkennen (Abb.6.22).

N
0.05 cm

Zerfallslange [cm]..

Abbildung 6.22: Gemessene Zerfallslängsverteilung von c–Quarks (ALEPH–Kollaboration)

Probleme, die auftreten können :

• Einfluß der Vielfachstreuung bei der Rückextrapolation der Spur durch das Strahl-
rohr σV ert ∼ 98 µ ·GeV

pT
.

• Langer Hebelarm verschlechtert das Auflösungsvermögen (Mindestabstand definiert
durch Strahlrohrdurchmesser und Strahlungsuntergrund)

• Einfluß des Magnetfeldes aufgrund der Lorentz–Kraft verfälscht den Durchtrittsort (s.
Abb.6.19)

• Strahlenhärte (siehe Kap.6.10) bedingt Mindestabstand vom Strahl, da Dosis mit Ab-
stand abnimmt

• Doppel–Spur–Auflösung : Es zeigt sich, daß nur Spuren mit einem Abstand d > 120µ
aufgelöst werden können, für kleinere Abstände überlappen die Signale.

6.9.2 Doppelseitige Si–Zähler

Hier werden Auslesestreifen auf beiden Seiten des Detektors angebracht (Abb.6.23)

Abbildung 6.23: Schema des doppelseitig ausgelesenen Si–Streifenzählers
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Position Sensitive Detectors

Next step:
Double sided
micro-strip detectors ... n+

p+

n - Si
Schematics of a double 
sided micro-strip detectorn+ strips on one side 

p+ strips on other side

Al Al

n+ n+
n - Si

Yields high spatial resolution 
in both x and y direction ...

SiO2

Closeup of of n+ side of
double sided micro-strip detector

Strips need insulation to avoid that positive 
space charge attracts electrons from n-layer

But:

Need blocking electrodes
to separate n+ strips ...
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Position Sensitive Detectors

Next step:
Double sided
micro-strip detectors ... n+

p+

n - Si
Schematics of a double 
sided micro-strip detectorn+ strips on one side 

p+ strips on other side

Al Al

Yields high spatial resolution 
in both x and y direction ...

SiO2

+ + + + + + + + + + + +  + + + + + + + + + +

n+ n+

n - Si
p+

Strips need insulation to avoid that positive 
space charge attracts electrons from n-layer

But:

Need blocking electrodes
to separate n+ strips ...

Add p+ electrodes ...

Alternative: add Al contact 
with negative bias voltage ...

Al

Closeup of of n+ side of
double sided micro-strip detector



Position Sensitive Detectors

H1 Silicon Tracker
[after upgrade]
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BaBar Vertex Detector



Position Sensitive Detectors

Pixel detectors:
Like micro-strips, but 2-dim. segmentation ...

Advantage:
As for micro-strips 2-dim. information,
but higher occupancy allowed; 

Lower noise due to lower capacitance ...

Disadvantage:
Huge number of readout channels;
Complicated technology ("bump bonding")
Requires sophisticated readout architecture ...

Detector

Electronics

Bump bonds

a

b

SEM Photograph
of solder bumps

Microscope picture
of a pixel array
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bump

under bump metal

aluminum

oxide

boron implant
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ATLAS 
Pixel Detector
[nominal resolution: Rϕ ~ 12 μm]



Position Sensitive Detectors

ATLAS Pixel Detector



CCD – Charge Coupled Devices
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CCD – Charge Coupled Devices

MOS Structure
[Metal-Oxide-Silicon]

CCD: Many independent and
separately switchable gates ...
[electronically shielded potential wells]

p-doped

MOS Structure

Gates/pixels store charges produced 
by ionizing tracks/light;
[pixel size: 50 x 50 μm2; sometimes 20 x 20 μm2]

Information is transferred sequentially
to charge sensing pre-amplifier ...
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CCD – Charge Coupled Devices
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Potentialtopf

Gerade erweiterter Potentialtopf
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Abbildung 6.26: Schema eines CCD–Detektors (g) und verschiedene Schritte des Auslese-
verfahrens (a) – (f) (in Anlehnung an [5])

115

CCD – Charge Coupled Devices

potential well
with charge

    Extended potential well              

     Turning off of
     primary potential well      



CCD – Charge Coupled Devices

CCD Camera for observational astronomy
[16 Mega Pixel; operated at -120 °C]


