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Tracking and vertexing 

ÅGas filled detector 
ÅMomentum measurement 

ÅMany points 

Åaccuracy O(0.1mm) 

ÅSemiconductor detector 
ÅVertex determination 

ÅFew points 

Åaccuracy O(0.001-0.01 mm) 

 

Els Koffeman - Nikhef & University of Amsterdam CHIPP January 2015 4 



Lifetime measurement  

 

ÅHeavy quark mesonsé.    
 

ÅLifetime measured from secondary vertex  
ïct ~ 100 micron  

ÅTake Lorentz boost into account  
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ALEPH event display 
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Gaseous Detectors  
Å Introduction  

ïEnergy loss  (reminder)  

ïGeneral principle  

Å Principle  of operation  

ïDrift Time  

ïLorentz Angle  

ïDiffusion  

ïAmplification  

Å Detector Types  
ï MWPC  

ï Single wire  cells  

ï Time projection  Chamber   
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Many configurations....  
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Gaseous Detectors  

ÅSingle Wire Chambers  
ïStraw Tubes (Atlas TRT, LHCB)  

ïDrift Tubes (Atlas Muon Chambers ) 

ÅMultiwire  Proportional  Chambers  

ÅDrift Chambers  
ïdrift perpendicular  to  B- field (Drift or TEC)  

ïdrift along  B- field (TPC ) (Future  Linear  Collider)  

ÅMicro Patterned  Gas Detectors  
ïGEM foil  

ïMicromegas   

ï INGRID (micromogas  production integrated with the grid)  
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Time Projection Chamber  

ÅLarge drift volume  
ïThe track of the primary  electrons  is reconstructed  from  the 

arrival  time of (single) electrons  

ÅAmplification  
ïThe signal  is generated  by the avalanches  close to  the wire : The 

(positive ) ion cloud  drifts  away from  the ( positive ) wire . 

E 

drift  

High E-field zone : 

amplification  
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Drift time  

ÅGeneral motion of charge in an EM - field  

 

 

ÅBut there is friction due to the gas  

 

 

 

ÅSolve for stationary operation or  
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The average of mA(t) is obtained by considering that this force is equal to 

<dp/dt>, which can be written as: S pi / tN = N mvD / (N <Dt>) = mvD / t. 

The average force is balancing the force due to electric and magnetic fields, 

so mA(t) has to be replaced by -mvD / t in the time averaged equation: 

 

eE+evD³B-mvD /t=0

 

vD=
et

m
E+vD³B( )

This can be written as: 

The quantity et/m is equal to the mobility for P=P0 for the case that B = 0, 

as in that case: m = vD/E =eEt/(Em)=et/m, with t the t for the situation with 

drift field. From the equation it is seen that the definition of mobility can 

be generalized to make the mobility the proportionality constant between 

the drift velocity and the sizes of the electric and magnetic forces divided 

the electron charge. The equation is a vector equation in vD with as solution: 

 

vD=
m

1+m2B2
E+mE³B +m2

E¶B( )B[ ]
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Therefore:                           , i.e. drifting is still in a straight line, but under an 

angle of arctan (mB) with the electric field direction in the plane perpendicular 

to B. The angle is called the Lorentz angle and is independent of the electric 

field strength. 

 

With w = eB/m (cyclotron frequency) is mB equal to wt. 

The expressions for B perpendicular to E then become: 

For B perpendicular to E we have: 

 

vD,//=
mE

1+m2B2

 

vD,^=
m2EB

1+m2B2

 

vD,^/vD,/ / =mB

 

vD,//=mE
1

1+w2t2
=vD,//,no B

1

1+w2t2

 

vD,^=mE
wt

1+w2t2
=vD,//,noB

wt

1+w2t2

 

vD,^/vD,/ / =wt

 

vD = vD,^

2 +vD,/ /

2 =
mE

1+w2t2
=

vD,//,noB

1+w2t2

-> the total drift velocity decreases  

    for increasing B 

-> the drift velocity in the field 

    direction decreases for increasing B 
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Drift velocity 

E = 0.5 kV/cm 
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1.2mm 

Anode  
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É Drift region: 300 ς 3kV/cm 

É Amplification: 400 ς 600V/50µm (80 ς 120kV/cm) 

Gas detectors on Timepix 

Drift  

amplification  

` 
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Gridpix  

ÅGaseous detector  
ïStart with Timepix  chip  

ïBuild pillars (SU8) to support grid  

ïPlace aluminium grid on top  

ïAssemble onto PCB  

ïBuild into system providing anode  
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Track Reconstruction  
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Experimental data 

proton 
electron 

pair 



Development  
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ÅDischarges  
ïWill happen so need to survive them  

ÅScale 
- go from one chip to reliable production scheme  



Semiconductor detectors  

ÅEnergy loss    
ïIonisation  (remember Bethe - Bloch equation )  

ïPhotoelectric effect  

ÅDeposited energy creates electron - hole pairs  
ÅEgap = Evalence ð E conduction  

 

 

 

ÅFor a detector: apply electric field that induces 
current  and signal  
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conduction 

valence 
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Semiconductors  

ÅGermanium, Silicon, GaAs, Diamond and many 
other exotics  

Germanium Silicon GaAs Diamond

Egap  (eV) 0,66 1,12 1,42 5,50

electron mobility (cm2V-1s-1) 3900 1500 8500 1800

hole mobility  (cm2V-1s-1) 1900 450 400 1200

density (g/cm3) 5,33 2,33 5,32 5,40

intrinsic carrier density (cm-3) 2,4E+13 1,5E+10 1,8E+06 -

e 16 12 13 6
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Semiconductors 

ÅGermanium  
ï used in the past for spectroscopy 

ÅDiamond  
ï RADIATION hard but expensive and 

supply unreliable 

ÅGaAs, CdTeΣΧ 
ï Quality too poor for tracking 

ï needed to enhance Xrays 
attenuation in imaging 

 

ÅSilicon is still the 
obvious choice 
ïBand gap allows room 

temperature operation 

ïAvailable with high 
purity and with large 
surface 

ïProcessing well known 
due to chip-industry 
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guard rings 

survey mark 

polysilicon resistors 

probe pad 

strip number 

8 micron oxide 12 micron p + 

0.1 mm 

1 mm 
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Semiconductors  

ÅVarious typesé 

ÅGermanium  

ÅGaAs 

ÅSilicon  

ÅDiamond  

K. Hagiwara et al., Physical Review D66, 010001-1 (2002) 

Available online Particle Data Group 
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http://pdg.lbl.gov/
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Use the Particle Data Book !  

ÅMaterial propertiesé. 
Energy loss of MIP 

CHIPP January 2015  25  



Els Koffeman -  Nikhef & University of Amsterdam  

Energy loss  

ÅMIP deposits 1.67 MeV/(g/cm2) in silicon  

ÅThus for typical layer of 300 micron thicknessé. 

ÅMark ionisation potential I=171 eV (silicon)  
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Energy loss  
ÅHigh energy physics  
ïMIP is the particle of interest in most particle detectors  

ï90 keV in 300 micron thick sensor  

ïEnergy needed for the creation of one electron - hole pair is 3.6 eV  

ïSignal 25000 electrons in a 300 micron thick sensor  

 

ÅSpectroscopy in Nuclear physics/ Medical aplication  
ïFor energy measurements of low energy x - rays (medical 

applications) total photon energy is converted  

ïExample K - line of Aluminium is 1.4 keV  

ïTo improve quantum efficiency  it can be interesting to take 
material with higher density  
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MIP in silicon  
ïEnergy deposit follows statistical 

fluctuations : higher probability of 
larger energy deposits  

ïMean not equal to most probable  

ïMathematical description:  

ÅLandau distribution  

ÅThis is thin layer approximationé. 

Åhowever the average ionisation 
potential used in Bethe Bloch 
(I=170 eV for silicon) is only valid 
above a certain  thickness.  
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Leakage current  

 

 

 

 

 

 

 

ÅCompare signal with leakage current  

ÅDuring charge collection the  fluctuation  causes 
noise  
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Noise  

ÅExpressed in Equivalent Noise Charge  

ÅLeakage current induced  

 

 

ÅAmplifier ~ Capacitance  (ENC = a + bC)  
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PN junction  
ï Intrinsic silicon too much impurities  

ï Introduce doping  

ïP- type  with type - III acceptors like Boron  

ïN- type  with type - V donors like Phosphor  

ïBoth types are electrically neutral  ! 
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PN junction 

ÅSensors: small layer high 
concentration on thick 
bulk low concentration  

ÅDiffusion leads to 
potential barrier 
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Depletion region  

Vfd 

0

0,1

0,2

0,3

0,4

0 50 100 150 200

Vbias (V)

D
e
p

le
ti

o
n

 w
id

th
 (

m
m

)

biasVwidth´

CHIPP January 2015  34  



Els Koffeman -  Nikhef & University of Amsterdam  

Charge collection speed  
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Leakage current  
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Principle of production 

ÅMake wafer from 
monocrystals  
ïLow resistivity for micro 

electronics 

ïHigh resistivity for sensor 
material 

Ålithography process 
ïMake diodes, 

capacitances, resistors and 
transistors  

ÅState of the art 
ïPMOS, NMOS, CMOS 

ïSize transistor 65 nm 
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Silicon strip detector  
ïArray of P+ implants in N - type silicon  

ÅLarge area sensors with diameter up to 20 cm  

ÅStrips several centimeters long ,  

ÅImplants 10 - 20 micron wide  

ÅPitch around 20 - 200 micron  

ïStrips connected to low noise amplifiers  

ïDouble sided sensors give 2(3) coordinates  

ïDrift detector also 2(3) coordinates  

ïCharge collection - > see examples  
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Resistive Charge Division  
ïGenerated charge is divided over S1 and S2  

ïReconstructed position:  
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 Capacitive Charge Division  

ïExample: in a first order 
approximation the charge 
is distributed:  

ÅCharge on S1 =1/3  

ÅCharge on S2 =2/3  

ïBetter prediction with 
equivalent scheme:  
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Charge distribution  

ÅRelate charge (Q) and 
impact point (x)  
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Resolution  

ÅDepends on signal to noise ratio  

ÅWith binary puls information:  

 

 

ÅState of the art  
ïStrip detectors: few micron  

ïPixel detectors: few tens of microns  

ïCCD:micron  

12pitch/ů=
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Radiation hardness  

Å Incoming particles are also destructive  

Å Non Ionising Energy Loss  (NIEL) induced by all 
particles except photons and electrons  (although 

not impossible)  

 Referred to as bulk damage  

 

Å Ionisation in the oxide  by all ionising particles  

 Referred to as surface damage  
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Bulk Damage  

ÅMECHANISM   
ÅNuclear reactions  

ÅKnock silicon atom out - > vacancy  

ÅIntermediate levels in energy diagram  

ÅEFFECT 
ÅBulk leakage increases  

ÅCharge trapping  

ÅEffective donor removal leading to different depletion voltage  

ÅProtection  
ÅMaterial Engineering, design  
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Surface Damage  

ÅMECHANISM 
ÅIonisation in the oxide  

ÅCharge build up in oxide due to low hole mobility  

ÅElectron accumulation in silicon underneath  

ÅEFFECT 
ÅLeakage paths inside components (transistors)  

ÅChanging (interstrip) capacitance  

ÅProtection  
ïDesign, technology  
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Resolution  

ÅMomentum measurement improves as  

ïLever arm  increases  

ïMagnetic field  increases  

ïnumber of points increase /point resolution 
decreases  

ÅVertex measurement improves as  

ïnumber of points increase/ point resolution 
decreases  

ïextrapolation length  decreases  

ïmultiple scattering  decreases  
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Some Examples   

ÅSTRIP 
Åpast     Tevatron,HERA  (Hamburg)  

Åexisting    Atlas & CMS at LHC (Geneva)  

ÅPIXEL  
ÅPast    DELPHI at LEP (Geneva) 

Åexisting   CMS & ATLAS at LHC (Geneva)  

ÅCCD 
ÅPast    SLD at SLAC (California)  

Åexisting    Xray imagers  

ÅCMOS, DEPFET,é  
ÅFuture   Xray imagers  
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Ghosthits or ambiguities  

Two hits give 4 

candidate crosses + = 

+ 

Small stereo angle 

Gives only two 

combinations = 
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Pixel Detectors!  
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Å    

Topical Lecture, 19 Dec 
2014  

Jan Visser & Martin van Beuzekom  50  

exp num layers/ disks num pixels area  tech timescale 

atlas current 3 / 3 80M 50x400 hybrid, planar operating 2009- 

atlas IBL 50x250 hybrid, planar+3D installing 2015 

atlas upgrade 25x125? design  2023 

CMS operating  2009- 

CMS upgrade 25x125? design 2023- 

LHCb upgrade 0 / 26,  0.8% X0 41 M 55x55 design 2019 

Belle II 2,  0.2% X0 7.6 M 50x55 ς 50x85 depfet installing 

Alice current 

Alice upgrade 

ILC design 

Panda = hybrid planar 100x100 um 

Star = MAPS (Mimosa)  



Use a camera  for tracking?  

ÅE.g. iphone5 camera has 8 Mpixels ,  ~ 1.5 mm 
pixel size  

ÅIt does detect charged particles  

Åinefficient  

Åslow (full frame readout)  

Ånot radiation hard    
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Courtesy of Springer 



 
Detecting radiation with a 30 û 
webcam  
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Hybrid pixel detector  
ÅHigh ohmic  silicon sensors (few kW cm) 

bump - bonded to readout ASIC  

ÅTypical electronics noise 100 e -  RMS 
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100 ï 300 

mm 

10 ï 20 

mm 

100 ï 500 

mm 

Courtesy of 

Michael Campbell  

(CERN) 



ASIC technologies  

ÅWe donõt use the latest technology 
ï long time to develop complete pixel readout ASIC  

ïbut also availability of technology and $$$  

ÅCurrent LHC experiments:   
ïmostly 250 nm CMOS  

ïUpgrades for 2018 - 2019: mostly 130 nm CMOS  

ïUpgrades for 2023 - 2024: most likely 65 nm CMOS  
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Timepix3 with 256 x 256 pixels 

Å 1.6 ns time resolution 

Å 80 Mhits/s 

Å 130 nm CMOS, 170 M transistors 

Å Developed by CERN and Nikhef 

 

 

1
4
 m

m
 

14 mm 



Medipix  chips  

Å Medipix1 (1 µm)  

ï First attempt in late 1990s to take HEP results to other applications  

Å Medipix2 (0.25 µm)  

ï Started in 1999 and still going strong!  

ï First commercial application at PANalytical  in x - ray diffraction field  

Å Timepix  (0.25 µm)  

ï Time of Arrival and Time over Threshold with a resolution of 10 ns 
(2006)  

Å Medipix3RX (0.13 µm)  

ï New generation (2010), solving charge sharing issues  

ï Multiple energy thresholds  

Å Timepix3 (0.13 µm ) 

ï Better time resolution of 1.6 ns and simultaneous ToA & ToT 

Å Medipix4 and Timepix4 (65 nm)  

ï Specifications under discussion  
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Frames vs events 

ÅImaging 

ïMedipix in principle 
reads all pixels in a 
frame (what you want in 
an image) 

ÅVertexing detectors 

ïFew pixels every event 
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The ATLAS Pixel Detector  
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Å~2.0 m 2 of sensitive 

area with 0.8 ³ 10 8 
channels  

Å50 mm ³ 400 mm 
silicon pixels (50 mm ³ 
300 mm in the B - layer)  Three barrel layers 

Three 

disk 

layers 



Atlas pixels  
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C- C support  
 

sensor 

Flex Hybrid  

bumps 

Side view  
not to scale  

MCC 

FE chip  FE chip 

Flex module 2.x  



Atlas pixels  
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CCD detector  

undepleted 

Va, Vb, Vc 

3-phase CCD 

V 

x 

t=0 

t=1 

t=2 
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CCD detector  

Charge shifted out serially: total readout time is  

N x M x clock cycleé.slow! 

N 

M 

CHIPP January 2015  61  



Els Koffeman -  Nikhef & University of Amsterdam  

SLD at SLAC 

Å3 concentric layers  

Åcells 20 x 20 mm2 

Å307 M  pixels  

ÅPoint resolution 4 mm 

 

 

ÅòVXD3ó operational 
from 1996  

ÅReadout  time 180 
ms! 
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