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Was wir untersuchen wollen…

Derzeit gültiges Bild der 
Natur im Allerkleinsten: 
Standardmodell der 
Teilchenphysik (SM)

Sehr ökonomisches Modell:
6 Quarks und 6 Leptonen 
(und deren Antiteilchen)

3 Kräfte: stark – schwach – 
elektromagnetisch

Nur ein Teilchen noch nicht 
entdeckt: Higgs-Teilchen
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Zu den höchsten Energien

Wir erwarten, dass das Standardmodell nicht der Weisheit 
letzter Schluss ist → Suche nach neuen Teilchen und Kräften

Zu diesem Zweck gebaut und seit November/Dezember 2009 
(endlich!) in Betrieb: LHC – der Large Hadron Collider
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Teilchenkollisionen bei höchsten Energien 

LHC: Protonen mit bis zu 7 TeV (1 Proton: Energie wie Mücke im Flug)

Neue Teilchen werden sehr selten erzeugt
Kollisionsexperiment so oft wie möglich wiederholen 

LHC: Pakete mit je 100 Milliarden Protonen kreuzen sich 40 Millionen 
mal pro Sekunde, etwa 20 Proton-Proton-Kollisionen pro Kreuzung
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Teilchennachweis
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ATLAS – A Toroidal LHC ApparatuS
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Aufgaben des Spurdetektors

Impulsmessung:
Bestimme Spuren geladener 
Teilchen aus Spurpunkten

Ablenkung in Magnetfeld 
umgekehrt proportional zu 
Impuls des Teilchens:
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d0: transversaler 
Stoßparameter

Lxy: 2-dim. Abstand 
zum Primärvertex

Vertexrekonstruktion:
Gemeinsamer Ursprungsort von 
zwei oder mehr Spuren?

Langlebige Teilchen (z.B. Teilchen 
mit b-Quarks): einige Spuren 
kommen nicht von Kollisionspunkt

⊗ Magnetfeld
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Aufgaben des Spurdetektors

Interessante Physikprozesse: 
Produktion von Teilchen mit 
b-Quarks, z.B. Higgs-Teilchen 
zerfällt in bb-Paar

„B-Tagging”: wichtiges 
Werkzeug zur Trennung von 
Signalprozessen mit b-Quarks 
und Untergrundprozessen

cτ(B±-Meson) = 491 µm 
→ typische Zerfallslängen im 
Laborsystem: einige Millimeter 
bis Zentimeter
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Technologiewahl: Warum Pixel?

Anforderungen an innerste Lage des ATLAS-Detektors:
Hohe Auflösung, z. B. besser als 15 µm in transversalem 
Stoßparameter für Teilchen mit hohem Transversalimpuls
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Warum nicht CCD?

CCD: Charge-Coupled Device 
Physik-Nobelpreis 2009 für 
W. S. Boyle und G. E. Smith

Standard für Digitalkameras: 
Massenprodukt

Pixelgrößen: ca. 5x5–10x10 µm2

Bereits in Teilchenphysik benutzt, 
z.B. SLD (SLAC)

Nachteile von CCDs: 
CCD-Pixel werden seriell 
ausgelesen → zu langsam

Sensoren nicht ausreichend 
strahlenhart
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SLD Vertex Detector 
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The CCD is manufactured on a silicon wafer by a large-scale integration process including a 
series of complex photolithographic steps. The silicon substrate is doped, usually with boron, to 
form p-type silicon, a material in which the main carriers are positively charged electron holes. 
Usually the photoactive layer is an epitaxial (layer-by-layer) grown layer on top of heavily  
p-doped silicon. The front side of the device hosts gate electrodes and the surface channel 
(oxide) layers, whereas the back side is bulk silicon, usually with a thin metal layer2. The 
anatomy of the CCD is such that it integrates the image recording capability with simple and 
efficient read-out. The read-out function can also be described in terms of an analog shift 
register that transports analog signals in a semi-continuous way, controlled by clock signals.  

 
The surface structure of the CCD is not 
formed by the silicon itself being arranged 
into individual pixels, but the pixels are 
defined by the position of electrodes (gates) 
on the CCD surface. When a positive vol-
tage is applied to an electrode, all of the 
negatively charged electrons will be at-
tracted to the area beneath the electrode 
(Fig.3). At the same time, positively 
charged holes will be repelled from the 
electrode area, forming a “potential well” 
(located deep within the silicon in an area 
known as the depletion layer, see Fig.1) in 
which all the electrons produced by  
incoming photons will be stored. With  

                                                      
2 In a special back side illuminated device, the thickness of the device is thinned from the back side in 
order to reduce absorption in the gate structures and thus increase sensitivity. This is particularly 
important for wavelengths that are subject to strong absorption, such as vacuum ultraviolet radiation. 
 

Fig. 2. The principle behind read-out of a CCD chip. One row at a time is shifted through an A/D 
converter which makes the output signal digital. 

Fig. 3.  
A MOS capacitor used as a light sensitive device.  

Funktionsprinzip eines CCD-Chips

[SLAC]

[nobelprize.org]

Boyle Smith
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Silizium-Pixeldetektoren

Funktionsprinzip von Hybrid-Pixeldetektoren
Detektor = Diode in Sperrrichtung → Verarmungszone

Geladenes Teilchen ionisiert Detektormaterial → elektrisches Signal
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Bulk (n-dotiert)
Backplane (p+-dotiert)

Implantate: n+-dotierte
Pixel (400x50 µm2)

250 µm

Verarmungsspannung: 
ca. 150 V

Auslesechip:
Verstärkung, 
Digitalisierung, …

Geladenes 
Teilchen

+
+
+

+
–
–
–
–

Elektrisches 
Signal

PbSn- oder Indiumkügelchen („Bump-Bond”)
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ATLAS-Pixelmodul unter der Lupe

Hybrid-Pixeldetektor:
Pixelsensor

16 Auslesechips 
(0,25 µm CMOS)

Substrat für weitere 
Elektronik (“Flex”)

Einige Kennzahlen:
Pixelgröße: 
50×400 µm2

Sensorfläche: 
ca. 63×24 mm2

2880 Auslesekanäle 
pro Chip
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Figure 4.4: Schematic view of a barrel pixel module (top) illustrating the major pixel hybrid and

sensor elements, including the MCC (module-control chip), the front-end (FE) chips, the NTC

thermistors, the high-voltage (HV) elements and the Type0 signal connector. Also shown (middle)

is a plan view showing the bump-bonding of the silicon pixel sensors to the polyimide electronics

substrate. The photograph at the bottom shows a barrel pixel module.

A schematic view and photograph of a pixel module are shown in figure 4.4. A pixel module

consists of a stack, from the bottom up, of the following components:

(a) 16 front-end electronics chips thinned to 180 µm thickness, each with 2880 electronics chan-

nels;

(b) bump bonds (In or PbSn), which connect the electronics channels to pixel sensor elements;

(c) the sensor tile of area 63.4×24.4 mm
2

and approximately 250 µm thick;

(d) a flexible polyimide printed-circuit board (flex-hybrid) with a module-control chip glued to

the flex-hybrid;

– 61 –

[ATLAS]
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Der Auslesechip: FE-I3

Analogteil (für jeden Kanal):
Gleichstromkopplung an Pixel

Ladungsempfindlicher Verstärker

Diskriminator
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Figure 6. Schematic plan of the front-end chip (FE-I3) with main functional elements. Not to scale.

Discriminator. Signal discrimination is made by a two-stage circuit: a fully differential, low-gain
amplifier, where the threshold control operates by modifying the input offset, and a DC-coupled,
differential comparator. The first stage has a bias of about 4 µA, whereas the second uses a current
of about 5 µA. A local threshold generator is integrated in every pixel in order to make the threshold
independent of the local digital supply voltage for each pixel and on the amplifier bias current I f .
Seven-bits are used for each pixel to adjust the discriminator threshold.

Pixel cell control logic. A complete block diagram of the analogue part with several additional
circuit blocks is shown in figure 8. Each pixel has several parameters that can be tuned through a
14-bit control register. These bits are:

• FDAC 0-2: 3-bits to trim the feedback (I f ) current for tuning the ToT response.

• TDAC 0-6: 7-bits to trim the threshold in each pixel.

– 11 –

[ATLAS]
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Der ATLAS-Pixeldetektor

Der Pixeldetektor: Herzstück des ATLAS-Detektors
1,3 Meter lang, 25 cm Durchmesser

Drei konzentrische „Barrel”-Lagen: 5,05–12,25 cm vom Strahl entfernt

Zwei Endkappen mit je drei „Disks”

Jede Lage: Kohlefaser-„Staves” mit je 13 Pixelmodulen

Insgesamt: 1,7 m2 Sensorfläche mit 80,4 Millionen Pixel
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Figure 4.24: A perspective cut-away view of the pixel detector. The view shows individual bar-
rel and end-cap modules, supported with their associated services on staves and disks within an
octagonal support frame.

integration of the ID in ATLAS comprises four steps which are also described in this section: the
integration of the barrel SCT and barrel TRT, the integration of the end-cap SCT and end-cap TRT
(two end-caps), the integration of the barrel and end-cap pixel detectors with the beam-pipe, and
finally the insertion of the pixel package.

4.7.1 Pixel structure and integration

The pixel detector and the pixel support tube (PST) within the ID are shown schematically in fig-
ure 4.1. The detector with its associated services and the vacuum inner detector beryllium beam-
pipe (see section 4.8.1) are precisely located inside the PST. The pixel services (cooling, power and
monitoring) are routed to the ends of the PST [92].

The active region of the pixel detector is shown in figure 4.24. The parameters of the pixel
detector, with its three barrel layers and two end-caps, are listed in table 4.3 of section 4.3. The
total active area of silicon is approximately 1.7 m2, with 112 barrel staves and 48 end-cap sectors
(eight sectors per disk).

In the barrel region, the bi-staves are mounted in half-shells as illustrated in figure 4.25. Each
half-shell is a thin carbon-fibre shell formed with facets to match the number of staves, with cut-
outs to reduce the mass and with mounting rings that position the staves at five locations [92].
The disks of the pixel end-cap detector are bolted with precision bushings to a carbon-composite
support ring. The disks are then held with four mounts within a section of the octagonal support
frame to form an end-cap. An end-cap during the final stages of assembly is shown in figure 4.26,
after connection of the cooling circuits. Two fully-loaded half-shells form a barrel layer. The
largest layer in size, layer 2, is shown after this step in figure 4.27. Each barrel layer is inserted
into the supporting octagonal frame and connected to end-cone structures with fingers to mate
precisely with mounting brackets on the barrel. Capillaries and outlet cooling-tube extensions are
then added.
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Detektor-Infrastruktur

Mechanische Aufhängung

Optische Datenübertragung an 
zentrales Auslesesystem

C3F8-Kühlsystem: 

Abwärme der Auslesechips 

Sensoren bei –20ºC → Rauschen und 
Strahlenschäden reduziert

Stromversorgung (separat für jedes 
Modul):

Niederspannung für Analog- und 
Digitalteil der Auslesechips

Hochspannung für 
Verarmungsspannung 

Monitoring und Sicherheitssysteme

16

Kühlsystem für Inneren Detektor

Elektronik-Racks
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ATLAS-Pixeldetektor in Bildern

17

Vier Staves mit je 13 Modulen

Endkappen-Scheiben
1/2 Pixellage beim Zusammenbau
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Einbau des Pixeldetektors

18

Einbau in den ATLAS-Detektor

Herablassen in die ATLAS-Kaverne
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„Antwort” des Detektors 
bekannt?
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Quo Vadis, Pixel?
Datennahme!

Planungen für Upgrade von 
Beschleuniger und Detektoren im 
vollen Gange

Lebensdauer der Detektoren begrenzt 
(z.B. Strahlenschäden)

Höhere Kollisionsraten

Modernere Detektortechnologie

Planungen bei ATLAS:

Phase I (ca. 2014): neue innerste 
Pixellage bei 3,7 cm, in bestehenden 
Detektor eingefügt

Phase II („super-LHC”, ca. 2020): 
komplett neuer Innerer Detektor 

21
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Zusammenfassung

Physik am LHC: Silizium-Pixeldetektor hat Schlüsselrolle
Genaue Vermessung von Teilchenspuren nahe am Kollisionspunkt: 
Ursprungsort und Impuls

Identifikation von Teilchen mit b-Quarks

Herausforderungen:
Hohe Kollisionsraten: 40 Millionen Strahlkreuzungen pro Sekunde

Hohe Strahlenbelastung

Materialbudget: so wenig wie möglich 

ATLAS-Pixeldetektor:
Erfolgreiche Inbetriebnahme 2008–2009 → sehr gute Performance

Bereit für die Datennahme am LHC ab Februar/März 2010
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