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IV. Tracking Detectors



Tracking

“tracking” in google image search: 
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www.basset.net

Tracking

http://www.basset.net


Tracking Detector

“tracking detector” in google image search 
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Bug detector GPS tracker

CMS tracker

ATLAS tracker



Tracking Detectors
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Precise measurement of track and momentum of charged 
particles due to magnetic field. 

The trajectory should be minimally disturbed by this 
process (reduced material)

Charged particles ionize matter along their 
path. 

Tracking is based upon detecting ionisation trails. 
An “image” of the charged particles in the event



Tracking Detectors - Technologies

“Classic”: Emulsions, cloud, and bubble chambers 
Continuous media 
Typically very detailed information but slow to respond and awkward to read out 

“Modern”: Electronic detectors, wire chambers, scintillators, solid state detectors 
Segmented 
Fast, can be read out digitally, information content is now approaching the 
“classic” technology 
Mostly used solid state detector -> Silicon (pixels and strips)
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Discovery of neutral currents 
Gargamelle, 1972

CMS Inner barrel Si Tracker: 
Single-Sided Si-Strip
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Very “Classic”: Bubble Chamber

The biggest: Big European Bubble Chamber 
3.7 m diameter 
Until 1984 used at CERN for the investigation of neutron hadron interactions
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Fotos: CERN

Second United Nations 

International Conference 

on the Peaceful Uses of 

Atomic Energy 

ON THE ANALYSIS OF BUBBLE CHAMBER TRACKS 

Q 

Hugh Bradner and Frank Solmitz 

INTRODUCTION 

A 
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i 
Since i t s  iyvention by Glaser in 1953, the bubble chamber has become 

a most  valuable tool $high-energy physics. It combines a number of advan- 
tages of various older methods of particle detection: 
resolution, rapid accumulation of data, some time resolution, and some choice 
of the nucleus whose interaction one wants to study (bubble chambers have been 

-'made to operate with a large number of different liquids, including Hz, D2, He, 
Xe, and several  hydrocarbons). 
resolution and rapid data accumulation, high- speed high-precision analysis 
procedures must  be developed. 
posed by such analysis. 
in performing hydrogen bubble chamber experiments with the University of 
California' s "Bevatron" (6  -Bev pro ton synchrotron). 

i t  offers high spatial 

In order to exploit the advantages of spatial 

In this article we discuss some of the problems 
The discussion is  based largely on experience gained 

Let us f i r s t  summarize the observational data obtained with the bubble 
chamber. 
string of bubbles; stereophotography by two (or sometimes more)  camera  
lenses makes i t  possible to reconstruct the path of the particle in three dimen- 
sions. 
measure of the momentum divided by the charge; the direction of the curva ture  

indicates the sign of the charge; the number of bubbles per unit track length is 
a function of the velocity of the particle and i ts  charge; range of a particle stop- 
ping in the liquid gives the momentum i f  the particle mass  i s  known; change of 
curvature with distance can establish the mass  if  measurements a r e  sufficiently 
accurate. 
particle. Multiple Coulomb scattering can be used in high-atomic-number 
liquids to give a measure of momentum times velocity. 
liquids, the effect i s  too small  to be useful and merely sets a limit on the 
accuracy of curvature measurements. 

A charged particle passing through superheated liquid produces a 

The curvature of the track-in the presence of a magnetic field-is a 

Energetic delta rays give some information on the velocity of a 

In low-atomic-number 

In addition to observing tracks of charged particles leaving a nuclear 
interaction, one can -Also detect neutral particles, either through observation 
of charged particles coming out of secondary interactions, or through charged 
decay fragments (in the case of unstable neutral particles).  

-1 - 

Early report on bubble chamber analysis:

“… the large number of possible reactions, the 
variability of appearance of interaction, and the 
importance of being alert to possible new 
phenomena make it very important for a trained 
physicist to look at the bubble chamber 
pictures….” 



Event Detection and Reconstruction

LHC experiments are 
giant "cameras" to take 
"pictures" of p-p 
collisions 

taking a picture every 25 
nsec (40 MHz) with 100 
million channels 

Task of the 
reconstruction is the 
interpretation of the 
picture ! 

answer the question: 
which particles were 
produced ?

9Ingrid-Maria Gregor -  Advanced (Tracking) Detectors - Part 2



The Tracking Problem

particles produce in a p-p interaction leave a cloud of hits in the  detector
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tracking software is 
used to reconstruct 
their trajectories



Role of Tracking Software

Optimal tracking software 
required to fully explore performance of detector  

Example: DELPHI Experiment at LEP 
silicon vertex detector upgrade 

initially not used in tracking to resolve dense jets 
pattern mistakes in jet-chamber limit performance
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DE L PH I R u n : E v t :
B e am :
DAS :

P r o c :
S c a n :

4 5 . 6  GeV 6 - De c - 1 9 9 4
1 3 - Au g - 1 9 9 4

0 4 : 0 0 : 5 7
1 4 - Oc t - 1 9 9 7

50992 2963

DST

DE L PH I R u n : E v t :
B e am :
DAS :

P r o c :
S c a n :

4 5 . 6  GeV 1 3 - S e p - 1 9 9 6
1 3 - Au g - 1 9 9 4

0 4 : 0 0 : 5 7
1 4 - Oc t - 1 9 9 7

50992 2963

DST

,:;<'=$>?3@A'8B>99$75

➡ 1994: redesign of tracking 
software
• start track finding in vertex 

detector
➡ factor ~ 2.5 more D* signal 

after reprocessing  
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Tracking at the LHC ?

LHC is a high luminosity machine
proton bunches collide every 
25 nsec in experiments
each time > 20 p-p interactions are observed ! (event pileup)

Detectors see hits from particles produced by all > 20 p-p 
interactions

~100 particles per p-p interaction
each charged particle leaves ~50 hits
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➡ 1 pp collisions looks like

• imagine 50 of 
them overlapping

• task of tracking 
software is to 
resolve the mess 
...

pileup event display

LHC
design
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Some Important Parameters



Tracker: Important Parameter
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Signal/noise ratio: signal size for a certain input signal over the intrinsic noise of the detector 
parameter for analog signals   
good understanding of electrical noise charge needed 
leakage current (ENCI) 
detector capacity (ENCC) 
det. parallel resistor (ENCRp)  
det. series resistor (ENCRs) 

signal induced by source or laser  
(or test beam particles) 
optimal S/N for a MiP is larger than 20 

ENC =
q

ENC2
C + ENC2

I + ENC2
Rp

+ ENC2
Rs

example for silicon detector

most probable peak!  
= Signal

Gaussian distributed “non-signal” 
= sigma -> noise

With analog readout: 

Pedestal

noise = sigma of pedestal distribution  

signal = most probable peak - pedestal 



Simple case: all charge is collected by one channel  
Traversing particle creates signal in hit channel (binary) 
Flat distribution along pitch; no area is pronounced 
  Probability distribution for particle passage: 

The reconstructed point is always the  
middle of the strip: 

0

Tracker: Important Parameter

Important figure of merit: spatial resolution  
Depending on detector geometry and charge collection 

Pitch (distance between channels) 
Charge sharing between channels
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.

pitch

can be tubes, 
strips, wires, 
pixels …. 

.



Tracker: Important Parameter

Calculating the resolution orthogonal to the strip:
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In case of charge sharing between the strip (signal size decreasing with distance 
to hit position) and information about signal size 

resolution improved by additional information of adjacent channels

� / d

(S/N)

Resulting in a general term (valid for tracking detectors with a pitch d):

very important !

ATLAS/CMS Pixels
�r� ⇡ 10µm
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Momentum Resolution

Precise measurement of track and momentum of charged 
particles due to magnetic field.
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 The larger the magnetic field B, the 
length L and the number of 

measurement points n,  
and the better the spatial resolution, 

the better is the momentum resolution 

Multiple scattering

 For low momentum (β→0), 
multiple scattering will dominate 

the momentum resolution.  
Reduce material! 

Momentum resolution depending on many factors: 

When designing a tracking detector one 
should well understand what is required 
for the processes to be observed. 

Ideal (non-realistic) tracking detector: 
a massless, cheap, infinite granularity, 100% 
hermetic and efficient, infinite, long lifetime 
detector

B
L

n=4

B = magnetic field  

   l= spatial resolution�y
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n = number of  
      measurement points 
L = length (~radius)

Gluckstern formula:



✏ = 0.99

✏7 = 0.93

✏ = 0.98

✏7 = 0.87

Tracker: Important Parameter
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Detector efficiency   : probability to detect a transversing particle ✏
should be as close to 100% as possible 
i.e. 12 layer silicon detector with 98% efficiency per 
layer -> overall tracking efficiency is only 78% 
needs to be measured in test beam 

Eda Yildirim |  ATLAS Group Meeting |  April 19, 2013  |  Page 5 

Silicon Microstrip Sensors 

ATLAS07 miniature test sensors 

SiO2 

p bulk 

n-implant 

aluminum 

Vd 
E 

B=0 

e h 

e h 
e h 

e h 
e h 

e h 

θi 
Cluster 

size 

t 

Cluster size : number of hit pixels/strips belonging to one track 
usually given in unit of strips or pixels 
depending on angle of incidence

✏ =
Nmeas

Nexp
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ATLAS
✏Strips > 99%

<latexit sha1_base64="1brLWr84z8kzvQlZVu6XMahqj/0=">AAACBXicdVDLSsNAFJ3UV62vqEsRBkvBVUhKrc1GCm5cVjS20IQymU7aoZNkmJkIJXTlxl9x40LFrf/gzr9x+hBU9MCFwzn3cu89IWdUKtv+MApLyyura8X10sbm1vaOubt3I9NMYOLhlKWiEyJJGE2Ip6hipMMFQXHISDscnU/99i0RkqbJtRpzEsRokNCIYqS01DMPfcIlZZrmvojhlRKUywk8g64L/UrPLNuW7TTceh3aluO67omjSc3WqELHsmcogwVaPfPd76c4i0miMENSdh2bqyBHQlHMyKTkZ5JwhEdoQLqaJigmMshnb0xgRSt9GKVCV6LgTP0+kaNYynEc6s4YqaH87U3Fv7xupqJGkNOEZ4okeL4oyhhUKZxmAvtUEKzYWBOEBdW3QjxEAmGlkyvpEL4+hf8Tr2q5lnNZKzerizSK4AAcgWPggFPQBBegBTyAwR14AE/g2bg3Ho0X43XeWjAWM/vgB4y3T3BCl/U=</latexit><latexit sha1_base64="1brLWr84z8kzvQlZVu6XMahqj/0=">AAACBXicdVDLSsNAFJ3UV62vqEsRBkvBVUhKrc1GCm5cVjS20IQymU7aoZNkmJkIJXTlxl9x40LFrf/gzr9x+hBU9MCFwzn3cu89IWdUKtv+MApLyyura8X10sbm1vaOubt3I9NMYOLhlKWiEyJJGE2Ip6hipMMFQXHISDscnU/99i0RkqbJtRpzEsRokNCIYqS01DMPfcIlZZrmvojhlRKUywk8g64L/UrPLNuW7TTceh3aluO67omjSc3WqELHsmcogwVaPfPd76c4i0miMENSdh2bqyBHQlHMyKTkZ5JwhEdoQLqaJigmMshnb0xgRSt9GKVCV6LgTP0+kaNYynEc6s4YqaH87U3Fv7xupqJGkNOEZ4okeL4oyhhUKZxmAvtUEKzYWBOEBdW3QjxEAmGlkyvpEL4+hf8Tr2q5lnNZKzerizSK4AAcgWPggFPQBBegBTyAwR14AE/g2bg3Ho0X43XeWjAWM/vgB4y3T3BCl/U=</latexit><latexit sha1_base64="1brLWr84z8kzvQlZVu6XMahqj/0=">AAACBXicdVDLSsNAFJ3UV62vqEsRBkvBVUhKrc1GCm5cVjS20IQymU7aoZNkmJkIJXTlxl9x40LFrf/gzr9x+hBU9MCFwzn3cu89IWdUKtv+MApLyyura8X10sbm1vaOubt3I9NMYOLhlKWiEyJJGE2Ip6hipMMFQXHISDscnU/99i0RkqbJtRpzEsRokNCIYqS01DMPfcIlZZrmvojhlRKUywk8g64L/UrPLNuW7TTceh3aluO67omjSc3WqELHsmcogwVaPfPd76c4i0miMENSdh2bqyBHQlHMyKTkZ5JwhEdoQLqaJigmMshnb0xgRSt9GKVCV6LgTP0+kaNYynEc6s4YqaH87U3Fv7xupqJGkNOEZ4okeL4oyhhUKZxmAvtUEKzYWBOEBdW3QjxEAmGlkyvpEL4+hf8Tr2q5lnNZKzerizSK4AAcgWPggFPQBBegBTyAwR14AE/g2bg3Ho0X43XeWjAWM/vgB4y3T3BCl/U=</latexit><latexit sha1_base64="1brLWr84z8kzvQlZVu6XMahqj/0=">AAACBXicdVDLSsNAFJ3UV62vqEsRBkvBVUhKrc1GCm5cVjS20IQymU7aoZNkmJkIJXTlxl9x40LFrf/gzr9x+hBU9MCFwzn3cu89IWdUKtv+MApLyyura8X10sbm1vaOubt3I9NMYOLhlKWiEyJJGE2Ip6hipMMFQXHISDscnU/99i0RkqbJtRpzEsRokNCIYqS01DMPfcIlZZrmvojhlRKUywk8g64L/UrPLNuW7TTceh3aluO67omjSc3WqELHsmcogwVaPfPd76c4i0miMENSdh2bqyBHQlHMyKTkZ5JwhEdoQLqaJigmMshnb0xgRSt9GKVCV6LgTP0+kaNYynEc6s4YqaH87U3Fv7xupqJGkNOEZ4okeL4oyhhUKZxmAvtUEKzYWBOEBdW3QjxEAmGlkyvpEL4+hf8Tr2q5lnNZKzerizSK4AAcgWPggFPQBBegBTyAwR14AE/g2bg3Ho0X43XeWjAWM/vgB4y3T3BCl/U=</latexit>

✏Pix > 97%
<latexit sha1_base64="iURaONPllbvWmgIuZjchmfSZ/Sg=">AAACAnicdVDLSsNAFJ34rPUVdaebwVJwFZJS22YjBTcuKxhbaEKZTCft0JkkzEzEEgpu/BU3LlTc+hXu/BunD0FFD1w4nHMv994TpoxKZdsfxtLyyuraemGjuLm1vbNr7u1fyyQTmHg4YYnohEgSRmPiKaoY6aSCIB4y0g5H51O/fUOEpEl8pcYpCTgaxDSiGCkt9cxDn6SSMk1zX3DYorcTeAbdOvTLPbNkW7bTcGs1aFuO67qnjiZVW6MCHcueoQQWaPXMd7+f4IyTWGGGpOw6dqqCHAlFMSOTop9JkiI8QgPS1TRGnMggn/0wgWWt9GGUCF2xgjP1+0SOuJRjHupOjtRQ/vam4l9eN1NRI8hpnGaKxHi+KMoYVAmcBgL7VBCs2FgThAXVt0I8RAJhpWMr6hC+PoX/E69iuZZzWS01K4s0CuAIHIMT4IA6aIIL0AIewOAOPIAn8GzcG4/Gi/E6b10yFjMH4AeMt0/Z2JaB</latexit><latexit sha1_base64="iURaONPllbvWmgIuZjchmfSZ/Sg=">AAACAnicdVDLSsNAFJ34rPUVdaebwVJwFZJS22YjBTcuKxhbaEKZTCft0JkkzEzEEgpu/BU3LlTc+hXu/BunD0FFD1w4nHMv994TpoxKZdsfxtLyyuraemGjuLm1vbNr7u1fyyQTmHg4YYnohEgSRmPiKaoY6aSCIB4y0g5H51O/fUOEpEl8pcYpCTgaxDSiGCkt9cxDn6SSMk1zX3DYorcTeAbdOvTLPbNkW7bTcGs1aFuO67qnjiZVW6MCHcueoQQWaPXMd7+f4IyTWGGGpOw6dqqCHAlFMSOTop9JkiI8QgPS1TRGnMggn/0wgWWt9GGUCF2xgjP1+0SOuJRjHupOjtRQ/vam4l9eN1NRI8hpnGaKxHi+KMoYVAmcBgL7VBCs2FgThAXVt0I8RAJhpWMr6hC+PoX/E69iuZZzWS01K4s0CuAIHIMT4IA6aIIL0AIewOAOPIAn8GzcG4/Gi/E6b10yFjMH4AeMt0/Z2JaB</latexit><latexit sha1_base64="iURaONPllbvWmgIuZjchmfSZ/Sg=">AAACAnicdVDLSsNAFJ34rPUVdaebwVJwFZJS22YjBTcuKxhbaEKZTCft0JkkzEzEEgpu/BU3LlTc+hXu/BunD0FFD1w4nHMv994TpoxKZdsfxtLyyuraemGjuLm1vbNr7u1fyyQTmHg4YYnohEgSRmPiKaoY6aSCIB4y0g5H51O/fUOEpEl8pcYpCTgaxDSiGCkt9cxDn6SSMk1zX3DYorcTeAbdOvTLPbNkW7bTcGs1aFuO67qnjiZVW6MCHcueoQQWaPXMd7+f4IyTWGGGpOw6dqqCHAlFMSOTop9JkiI8QgPS1TRGnMggn/0wgWWt9GGUCF2xgjP1+0SOuJRjHupOjtRQ/vam4l9eN1NRI8hpnGaKxHi+KMoYVAmcBgL7VBCs2FgThAXVt0I8RAJhpWMr6hC+PoX/E69iuZZzWS01K4s0CuAIHIMT4IA6aIIL0AIewOAOPIAn8GzcG4/Gi/E6b10yFjMH4AeMt0/Z2JaB</latexit><latexit sha1_base64="iURaONPllbvWmgIuZjchmfSZ/Sg=">AAACAnicdVDLSsNAFJ34rPUVdaebwVJwFZJS22YjBTcuKxhbaEKZTCft0JkkzEzEEgpu/BU3LlTc+hXu/BunD0FFD1w4nHMv994TpoxKZdsfxtLyyuraemGjuLm1vbNr7u1fyyQTmHg4YYnohEgSRmPiKaoY6aSCIB4y0g5H51O/fUOEpEl8pcYpCTgaxDSiGCkt9cxDn6SSMk1zX3DYorcTeAbdOvTLPbNkW7bTcGs1aFuO67qnjiZVW6MCHcueoQQWaPXMd7+f4IyTWGGGpOw6dqqCHAlFMSOTop9JkiI8QgPS1TRGnMggn/0wgWWt9GGUCF2xgjP1+0SOuJRjHupOjtRQ/vam4l9eN1NRI8hpnGaKxHi+KMoYVAmcBgL7VBCs2FgThAXVt0I8RAJhpWMr6hC+PoX/E69iuZZzWS01K4s0CuAIHIMT4IA6aIIL0AIewOAOPIAn8GzcG4/Gi/E6b10yFjMH4AeMt0/Z2JaB</latexit>

Track reconstruction efficiency: how well a full track is reconstructed  

✏track =
Ninner

Nmuon
<latexit sha1_base64="tQlWUfDske836UcNtkXauLn5ods=">AAACHXicbZBNSwMxEIaz9avWr6pHL8EieCq7UlEPQsGLJ6ngaqFbSjadbUOT7JJkhbLsL/HiX/HiQcWDF/HfmH4I2joQeOadGSbzhgln2rjul1NYWFxaXimultbWNza3yts7tzpOFQWfxjxWzZBo4EyCb5jh0EwUEBFyuAsHF6P63T0ozWJ5Y4YJtAXpSRYxSoyVOuXjABLNuMXMKEIHOT7HQWQpu+pkgRKYSQkqz39SkcYyzzvlilt1x4HnwZtCBU2j0Sl/BN2YpgKkoZxo3fLcxLQzogyjHPJSkGpI7HrSg5ZFSQTodjY+L8cHVuniKFb2SYPH6u+JjAithyK0nYKYvp6tjcT/aq3URKftjMkkNSDpZFGUcmxiPPIKd5kCavjQAqGK2b9i2ifWHGMdLVkTvNmT58E/qp5VvetapV6bulFEe2gfHSIPnaA6ukQN5COKHtATekGvzqPz7Lw575PWgjOd2UV/wvn8BoBYo4U=</latexit><latexit sha1_base64="tQlWUfDske836UcNtkXauLn5ods=">AAACHXicbZBNSwMxEIaz9avWr6pHL8EieCq7UlEPQsGLJ6ngaqFbSjadbUOT7JJkhbLsL/HiX/HiQcWDF/HfmH4I2joQeOadGSbzhgln2rjul1NYWFxaXimultbWNza3yts7tzpOFQWfxjxWzZBo4EyCb5jh0EwUEBFyuAsHF6P63T0ozWJ5Y4YJtAXpSRYxSoyVOuXjABLNuMXMKEIHOT7HQWQpu+pkgRKYSQkqz39SkcYyzzvlilt1x4HnwZtCBU2j0Sl/BN2YpgKkoZxo3fLcxLQzogyjHPJSkGpI7HrSg5ZFSQTodjY+L8cHVuniKFb2SYPH6u+JjAithyK0nYKYvp6tjcT/aq3URKftjMkkNSDpZFGUcmxiPPIKd5kCavjQAqGK2b9i2ifWHGMdLVkTvNmT58E/qp5VvetapV6bulFEe2gfHSIPnaA6ukQN5COKHtATekGvzqPz7Lw575PWgjOd2UV/wvn8BoBYo4U=</latexit><latexit sha1_base64="tQlWUfDske836UcNtkXauLn5ods=">AAACHXicbZBNSwMxEIaz9avWr6pHL8EieCq7UlEPQsGLJ6ngaqFbSjadbUOT7JJkhbLsL/HiX/HiQcWDF/HfmH4I2joQeOadGSbzhgln2rjul1NYWFxaXimultbWNza3yts7tzpOFQWfxjxWzZBo4EyCb5jh0EwUEBFyuAsHF6P63T0ozWJ5Y4YJtAXpSRYxSoyVOuXjABLNuMXMKEIHOT7HQWQpu+pkgRKYSQkqz39SkcYyzzvlilt1x4HnwZtCBU2j0Sl/BN2YpgKkoZxo3fLcxLQzogyjHPJSkGpI7HrSg5ZFSQTodjY+L8cHVuniKFb2SYPH6u+JjAithyK0nYKYvp6tjcT/aq3URKftjMkkNSDpZFGUcmxiPPIKd5kCavjQAqGK2b9i2ifWHGMdLVkTvNmT58E/qp5VvetapV6bulFEe2gfHSIPnaA6ukQN5COKHtATekGvzqPz7Lw575PWgjOd2UV/wvn8BoBYo4U=</latexit><latexit sha1_base64="tQlWUfDske836UcNtkXauLn5ods=">AAACHXicbZBNSwMxEIaz9avWr6pHL8EieCq7UlEPQsGLJ6ngaqFbSjadbUOT7JJkhbLsL/HiX/HiQcWDF/HfmH4I2joQeOadGSbzhgln2rjul1NYWFxaXimultbWNza3yts7tzpOFQWfxjxWzZBo4EyCb5jh0EwUEBFyuAsHF6P63T0ozWJ5Y4YJtAXpSRYxSoyVOuXjABLNuMXMKEIHOT7HQWQpu+pkgRKYSQkqz39SkcYyzzvlilt1x4HnwZtCBU2j0Sl/BN2YpgKkoZxo3fLcxLQzogyjHPJSkGpI7HrSg5ZFSQTodjY+L8cHVuniKFb2SYPH6u+JjAithyK0nYKYvp6tjcT/aq3URKftjMkkNSDpZFGUcmxiPPIKd5kCavjQAqGK2b9i2ifWHGMdLVkTvNmT58E/qp5VvetapV6bulFEe2gfHSIPnaA6ukQN5COKHtATekGvzqPz7Lw575PWgjOd2UV/wvn8BoBYo4U=</latexit>

✏track > 95%
<latexit sha1_base64="rTrL0fT3CxPbzrOl/AYoF2itTys=">AAACBHicdVDLSsNAFJ3UV62vqEtdDJaCqzApbW02UnDjsoKxhSaUyXTSDp08mJkIJXTjxl9x40LFrR/hzr9x+hBU9MCFwzn3cu89QcqZVAh9GIWV1bX1jeJmaWt7Z3fP3D+4kUkmCHVJwhPRDbCknMXUVUxx2k0FxVHAaScYX8z8zi0VkiXxtZqk1I/wMGYhI1hpqW8eezSVjGuaeyKCSmAynsJz6NShV+mbZWQhu+k0GhBZtuM4dVuTGtKoQttCc5TBEu2++e4NEpJFNFaEYyl7NkqVn2OhGOF0WvIySVO9AQ9pT9MYR1T6+fyLKaxoZQDDROiKFZyr3ydyHEk5iQLdGWE1kr+9mfiX18tU2PRzFqeZojFZLAozDlUCZ5HAAROUKD7RBBPB9K2QjLBOQungSjqEr0/h/8StWo5lX9XKreoyjSI4AifgFNjgDLTAJWgDFxBwBx7AE3g27o1H48V4XbQWjOXMIfgB4+0TkFyXdw==</latexit><latexit sha1_base64="rTrL0fT3CxPbzrOl/AYoF2itTys=">AAACBHicdVDLSsNAFJ3UV62vqEtdDJaCqzApbW02UnDjsoKxhSaUyXTSDp08mJkIJXTjxl9x40LFrR/hzr9x+hBU9MCFwzn3cu89QcqZVAh9GIWV1bX1jeJmaWt7Z3fP3D+4kUkmCHVJwhPRDbCknMXUVUxx2k0FxVHAaScYX8z8zi0VkiXxtZqk1I/wMGYhI1hpqW8eezSVjGuaeyKCSmAynsJz6NShV+mbZWQhu+k0GhBZtuM4dVuTGtKoQttCc5TBEu2++e4NEpJFNFaEYyl7NkqVn2OhGOF0WvIySVO9AQ9pT9MYR1T6+fyLKaxoZQDDROiKFZyr3ydyHEk5iQLdGWE1kr+9mfiX18tU2PRzFqeZojFZLAozDlUCZ5HAAROUKD7RBBPB9K2QjLBOQungSjqEr0/h/8StWo5lX9XKreoyjSI4AifgFNjgDLTAJWgDFxBwBx7AE3g27o1H48V4XbQWjOXMIfgB4+0TkFyXdw==</latexit><latexit sha1_base64="rTrL0fT3CxPbzrOl/AYoF2itTys=">AAACBHicdVDLSsNAFJ3UV62vqEtdDJaCqzApbW02UnDjsoKxhSaUyXTSDp08mJkIJXTjxl9x40LFrR/hzr9x+hBU9MCFwzn3cu89QcqZVAh9GIWV1bX1jeJmaWt7Z3fP3D+4kUkmCHVJwhPRDbCknMXUVUxx2k0FxVHAaScYX8z8zi0VkiXxtZqk1I/wMGYhI1hpqW8eezSVjGuaeyKCSmAynsJz6NShV+mbZWQhu+k0GhBZtuM4dVuTGtKoQttCc5TBEu2++e4NEpJFNFaEYyl7NkqVn2OhGOF0WvIySVO9AQ9pT9MYR1T6+fyLKaxoZQDDROiKFZyr3ydyHEk5iQLdGWE1kr+9mfiX18tU2PRzFqeZojFZLAozDlUCZ5HAAROUKD7RBBPB9K2QjLBOQungSjqEr0/h/8StWo5lX9XKreoyjSI4AifgFNjgDLTAJWgDFxBwBx7AE3g27o1H48V4XbQWjOXMIfgB4+0TkFyXdw==</latexit><latexit sha1_base64="rTrL0fT3CxPbzrOl/AYoF2itTys=">AAACBHicdVDLSsNAFJ3UV62vqEtdDJaCqzApbW02UnDjsoKxhSaUyXTSDp08mJkIJXTjxl9x40LFrR/hzr9x+hBU9MCFwzn3cu89QcqZVAh9GIWV1bX1jeJmaWt7Z3fP3D+4kUkmCHVJwhPRDbCknMXUVUxx2k0FxVHAaScYX8z8zi0VkiXxtZqk1I/wMGYhI1hpqW8eezSVjGuaeyKCSmAynsJz6NShV+mbZWQhu+k0GhBZtuM4dVuTGtKoQttCc5TBEu2++e4NEpJFNFaEYyl7NkqVn2OhGOF0WvIySVO9AQ9pT9MYR1T6+fyLKaxoZQDDROiKFZyr3ydyHEk5iQLdGWE1kr+9mfiX18tU2PRzFqeZojFZLAozDlUCZ5HAAROUKD7RBBPB9K2QjLBOQungSjqEr0/h/8StWo5lX9XKreoyjSI4AifgFNjgDLTAJWgDFxBwBx7AE3g27o1H48V4XbQWjOXMIfgB4+0TkFyXdw==</latexit>



Impact Parameter Resolution 

Impact parameter resolution = shortest distance between the 
reconstructed track and the associated primary vertex 

19Ingrid-Maria Gregor -  Advanced (Tracking) Detectors - Part 2

Accelerator a (µm) b (µm)

LEP 25 70

SLD 8 33

LHC 12 70

RHIC-II 13 19

ILC/CLIC <5 <15

intrinsic resolution of the tracking 
system (no multiple scattering) 

�2
r� = �2

rz = a2 + b2 · 1
(p · sin

3
2 ✓)2

polar angle

influence of multiple 
scattering (geometry)

Ulrich Husemann
Institut für Experimentelle Kernphysik (IEKP)

12/12/2012 Preparing for the Future: Upgrades of the LHC Experiments

Tracking, Vertexing, and B-Tagging

B-tagging:
Identify hadrons with b-quarks via 
their long lifetimes (picoseconds) 
Parts of the tracks from B hadron 
decays: large impact parameters 
and/or displaced secondary vertex
Low particle momenta important 
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Primary Vertex

Protons Protons

x

y

Decay 
Length

Secondary 
Vertex

Tracks

z

Tracking & vertexing
Charged particle tracking at small 
distances (~5 cm) from collision 
point: precise reconstruction of 
vertices
Charged particle tracking at large 
distances (~1 m): precise 
momentum measurement

Collision

Detector
Layer

Charged
Particle
TrajectorySpace

Point

Vertex

�IP > 10µm
<latexit sha1_base64="d8YWB8ZVnz8q70zcJrjxIKro+WM=">AAACAnicdVDLSsNAFJ3UV62vqDvdDBbBVZiUWpuNFNzoroKxQhPKZDpth84kYWYilFBw46+4caHi1q9w5984fQgqeuDC4Zx7ufeeKOVMaYQ+rMLC4tLySnG1tLa+sbllb+9cqySThPok4Ym8ibCinMXU10xzepNKikXEaSsank381i2ViiXxlR6lNBS4H7MeI1gbqWPvBYr1Be7kgRTwojmGp9BFMBAZFB27jBzk1r1aDSLH9Tzv2DWkigwq0HXQFGUwR7NjvwfdhGSCxppwrFTbRakOcyw1I5yOS0GmaIrJEPdp29AYC6rCfPrDGB4apQt7iTQVazhVv0/kWCg1EpHpFFgP1G9vIv7ltTPdq4c5i9NM05jMFvUyDnUCJ4HALpOUaD4yBBPJzK2QDLDERJvYSiaEr0/h/8SvOJ7jXlbLjco8jSLYBwfgCLjgBDTAOWgCHxBwBx7AE3i27q1H68V6nbUWrPnMLvgB6+0TZu2WOw==</latexit><latexit sha1_base64="d8YWB8ZVnz8q70zcJrjxIKro+WM=">AAACAnicdVDLSsNAFJ3UV62vqDvdDBbBVZiUWpuNFNzoroKxQhPKZDpth84kYWYilFBw46+4caHi1q9w5984fQgqeuDC4Zx7ufeeKOVMaYQ+rMLC4tLySnG1tLa+sbllb+9cqySThPok4Ym8ibCinMXU10xzepNKikXEaSsank381i2ViiXxlR6lNBS4H7MeI1gbqWPvBYr1Be7kgRTwojmGp9BFMBAZFB27jBzk1r1aDSLH9Tzv2DWkigwq0HXQFGUwR7NjvwfdhGSCxppwrFTbRakOcyw1I5yOS0GmaIrJEPdp29AYC6rCfPrDGB4apQt7iTQVazhVv0/kWCg1EpHpFFgP1G9vIv7ltTPdq4c5i9NM05jMFvUyDnUCJ4HALpOUaD4yBBPJzK2QDLDERJvYSiaEr0/h/8SvOJ7jXlbLjco8jSLYBwfgCLjgBDTAOWgCHxBwBx7AE3i27q1H68V6nbUWrPnMLvgB6+0TZu2WOw==</latexit><latexit sha1_base64="d8YWB8ZVnz8q70zcJrjxIKro+WM=">AAACAnicdVDLSsNAFJ3UV62vqDvdDBbBVZiUWpuNFNzoroKxQhPKZDpth84kYWYilFBw46+4caHi1q9w5984fQgqeuDC4Zx7ufeeKOVMaYQ+rMLC4tLySnG1tLa+sbllb+9cqySThPok4Ym8ibCinMXU10xzepNKikXEaSsank381i2ViiXxlR6lNBS4H7MeI1gbqWPvBYr1Be7kgRTwojmGp9BFMBAZFB27jBzk1r1aDSLH9Tzv2DWkigwq0HXQFGUwR7NjvwfdhGSCxppwrFTbRakOcyw1I5yOS0GmaIrJEPdp29AYC6rCfPrDGB4apQt7iTQVazhVv0/kWCg1EpHpFFgP1G9vIv7ltTPdq4c5i9NM05jMFvUyDnUCJ4HALpOUaD4yBBPJzK2QDLDERJvYSiaEr0/h/8SvOJ7jXlbLjco8jSLYBwfgCLjgBDTAOWgCHxBwBx7AE3i27q1H68V6nbUWrPnMLvgB6+0TZu2WOw==</latexit><latexit sha1_base64="d8YWB8ZVnz8q70zcJrjxIKro+WM=">AAACAnicdVDLSsNAFJ3UV62vqDvdDBbBVZiUWpuNFNzoroKxQhPKZDpth84kYWYilFBw46+4caHi1q9w5984fQgqeuDC4Zx7ufeeKOVMaYQ+rMLC4tLySnG1tLa+sbllb+9cqySThPok4Ym8ibCinMXU10xzepNKikXEaSsank381i2ViiXxlR6lNBS4H7MeI1gbqWPvBYr1Be7kgRTwojmGp9BFMBAZFB27jBzk1r1aDSLH9Tzv2DWkigwq0HXQFGUwR7NjvwfdhGSCxppwrFTbRakOcyw1I5yOS0GmaIrJEPdp29AYC6rCfPrDGB4apQt7iTQVazhVv0/kWCg1EpHpFFgP1G9vIv7ltTPdq4c5i9NM05jMFvUyDnUCJ4HALpOUaD4yBBPJzK2QDLDERJvYSiaEr0/h/8SvOJ7jXlbLjco8jSLYBwfgCLjgBDTAOWgCHxBwBx7AE3i27q1H68V6nbUWrPnMLvgB6+0TZu2WOw==</latexit>

ATLAS for 100GeV track
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IV.a Gas-Detectors



Very Basic Principle

Make use of ionisation when radiation particle is passing gas 
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typical voltage range 
for operation  
100 - 500V  

Passage of particles creates within the gas volume 
electron-ion pair (ionisation) 
Electrons are accelerated in a strong electric field -> 
amplification 
The signal is proportional to the original deposited charge 
or is saturated (depending on the voltage)



Electron avalanches enlarge signal

In ionisation chambers: 100 e-ion pairs (typical number for 1 cm of gas) are hard to detect (typical noise of 
very modern pixel ASICs is ~ 100e-) 
Need to increase number of e-ion pairs  
➡ trick: apply higher electrical field

22Ingrid-Maria Gregor -  Advanced (Tracking) Detectors - Part 2



Modes of Operation

Region I:  
At very low voltage charge begins to be collected but 
recombination dominates
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Region V: In the Geiger-Muller mode photons emitted from the de-exciting molecules spread to other 
parts of the counter triggering a chain reaction with many avalanches along the length of the anode 

Size of the induced signal in independent of the original energy deposition

I II III IV V

Region II:  
All electron-ion pairs are collected before recombination (plateau)

Region III:  
Above the threshold voltage VT the field is strong enough to allow 
multiplication and in the proportional mode; gains >104 can be 
achieved with the detected charge proportional to the original energy 
deposition.

Region IV:  
Eventually the proportionality begins to be lost due to space charge 
build-up around the anode which distorts the E field. 



Many different types of Gas Detectors

24Ingrid-Maria Gregor -  Advanced (Tracking) Detectors - Part 2 Christoph Rembser



Proportional Chamber

Disadvantage of planar design: 

E uniform and ⊥ to the electrodes: 

amount of ionisation produced proportional to path length and to 
position where the ionisation occurs 
-> not proportional to energy 

25Ingrid-Maria Gregor -  Advanced (Tracking) Detectors - Part 2
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Proportional counter

Disadvantage of planar design: 

E uniform and       to the electrodes
amount of ionization produced proportional to path length
and to position where the ionization occurs 
! not proportional to energy  

E

Problem solved using Cylindrical proportional counter:

Single anode wire in a cylindrical cathode 
E~1/r: weak field far from the wire
electrons/ions drift in the volume 
multiplication occurs only near the anode 

⊥

Problem solved using Cylindrical proportional counter: 

Single anode wire in a cylindrical cathode  
E~1/r: weak field far from the wire electrons/ions drift in 
the volume multiplication occurs only near the anode 

18

Proportional counter

Disadvantage of planar design: 

E uniform and       to the electrodes
amount of ionization produced proportional to path length
and to position where the ionization occurs 
! not proportional to energy  

E

Problem solved using Cylindrical proportional counter:

Single anode wire in a cylindrical cathode 
E~1/r: weak field far from the wire
electrons/ions drift in the volume 
multiplication occurs only near the anode 

⊥



Multi-Wire Proportional Chamber

Signal generation: 
Electrons drift to closest wire 
Gas amplification near wire ➛ avalanche Signal generation due 
to electrons and mainly slow ions 

26Ingrid-Maria Gregor -  Advanced (Tracking) Detectors - Part 2
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Space point resolution:
Only information about closest wire ➛ σx = d/√12     [d=2-4 mm, σx ~0.6-1mm]
[Only one dimension information]
Possible improvements:
- segmented cathode

- 2-dim.: use 2 MWPCs with different orientation 
- 3-dim.: several layers of such X-Y-MWPC combinations [tracking]

Multi-wire proportional chamber

Only information about closest wire  
➛ σx = d/√12  
[Only one dimension information]

Possible improvements: - segmented cathode 
2-dim.: use 2 MWPCs with different orientation 

3-dim.: several layers of such X-Y-MWPC 
combinations [tracking] 



Adding Time: Drift Chamber

Alternative way to obtain spatial information: measure the electrons drift 
time: 

time measurement started by an external (fast) detector, i.e. scintillator counter  
electrons drift to the anode (sense wire), in the field created by the cathodes with 
constant velocity  
the electron arrival at the anode stops the time measurement  
one-coordinate measurement: 

27Ingrid-Maria Gregor -  Advanced (Tracking) Detectors - Part 2
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Transport of electrons/ions in gas

Drift and Mobility:

|E|D

rr
±= µv

with external E-field: electrons/ions obtain velocity vD in addition to thermal motion;
on average electrons/ions move along field lines of electric field E 

µ+ : ion mobility 
for ions vD ~ E/P, i.e. for constant pressure constant mobility

µ- : electron mobility
in cold gas approximation (Tkin~ kT) ! vD ~ E, µ = const.
in hot gas (Tkin>> kT) ! vD = const., µ = not const.

kT/eD/ =µ Einstein relation for ideal gases in thermal equilibrium
the gain in velocity may affect the diffusion rate and thereby the 
time behavior of the detector (e.g. drift chamber)

typical:
E ~ 1 kV / cm-atm`

µ+ mobility

velocity

Wire chamber CDF (@Tevatron)

x =

Z tD

0
vDdt

<latexit sha1_base64="zvmPn+cWGfVoAS64FIRCuWwV5bc=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQPIUZictFCJiDxwhmgWQcejqdpElPz9BdEwxDvPgrXjwo4tW/8Obf2FkOmvig4PFeFVX1glhwDY7zbWWWlldW17LruY3Nre0de3evpqNEUValkYhUIyCaCS5ZFTgI1ogVI2EgWD3oX4/9+oApzSN5B8OYeSHpSt7hlICRfPvgAV/hFpfgO/g+Bb88wgO/jNvg23mn4EyAF4k7I3k0Q8W3v1rtiCYhk0AF0brpOjF4KVHAqWCjXCvRLCa0T7qsaagkIdNeOvlghI+N0sadSJmSgCfq74mUhFoPw8B0hgR6et4bi/95zQQ6l17KZZwAk3S6qJMIDBEex4HbXDEKYmgIoYqbWzHtEUUomNByJgR3/uVFUjstuMXC2W0xXzqfxZFFh+gInSAXXaASukEVVEUUPaJn9IrerCfrxXq3PqatGWs2s4/+wPr8AVFelYA=</latexit>



Wire Stringing In Progress
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TPC- Time Projection Chamber: 3D

Combination of the the 2D track information and the time results in a real 3D point
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Readout of the anode usually with multi wire 
projection chambers 
Nowadays new developments under way.



Transition Radiation
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Transition Radiation 
Produced by relativistic charged particles when they 
cross the interface of two media of different 
refraction indices  
Can be explained by re-arrangement of electric field  

Energy loss at a boundary is proportional to the relativistic gamma 
factor.  
A significant amount of transition radiation is produced for a gamma 
greater than 1000.  
Gamma factor of protons is, up to a momentum of 5GeV, still in the 
order of 10. 
Positron's gamma is greater than 1000 starting at 0.5GeV momentum.
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=> particle identification



Foils
TR photon

Transition radiation tracker

Signal formation  
charged particles ionize the gas  
electrons drift towards the wire  
gas amplification avalanche  
first arrival determines drift time  

Signal readout  
signal gets amplified  
sampled in 24 time bins of 3.12 ns  
each time bin compared against threshold (≈ 300 eV): 24-bit pattern  
buffered in 6-µs readout pipeline  
passed on to central ATLAS DAQ

allows self supporting structures
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70%Xe  
27%CO2 
3% CO2



A Stack of Straws

ATLAS Inner Detector

Endcap (~32000 straws) 
radial from beam axis

Barrel (~10000 straws) 
parallel to beam axis

Straws

straws
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The First ATLAS TRT End-Cap (3 Aug 2005)
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Choice of Fill Gas

Avalanche multiplication occurs in all gases but there are  
specific properties required from a “magic” gas mixture 

Low working voltage (low ionisation potential) 
Stable operation at high gain 
High rate capability (fast recovery) 
Good proportionality

34Ingrid-Maria Gregor -  BCGS Intensive Week SoSe 2020

However: chamber full of argon does not produce stable operation and suffers breakdown at low gain: 
High excitation energy for noble gases (11.6eV for Ar) means that UV photons emitted from atoms excited in the 
avalanche process have enough energy to eject photoelectrons from the cathode material 
Photoelectrons initiate further avalanches. 
Process becomes self-sustaining ® continuous discharge.

Noble gases are usually the principal components of a  
useful gas 

No molecules to absorb energy in inelastic collisions

Argon gives more primary ionisation than Helium or Neon 
Kr and Xe are better and have been used but they are expensive
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Micro-Pattern Gas Detectors



Need for Improvements 

MWPCs have several limitations intrinsic in their conception. 
In multiplication process, creation of large amounts of positive ions, slowly receding towards the cathodes, 
causes modification of applied electric field 
Drop of gain and efficiency at particle fluxes above ~104mm-1s-1. 

36Ingrid-Maria Gregor -  Advanced (Tracking) Detectors - Part 2



Combination of gas detectors and Silicon 
Integration of MPGDs with pixel read out chips

37Ingrid-Maria Gregor -  HEP Detectors - Part 3

14 mm
Amplification and read out made of silicon

Advantages of gas detectors:  
• Low radiation length 
• Gas can be replaced regularly: Reduction of 

radiation damages!  

MPGDs as next generation detector



Microstrip Gas Chambers (MSGSs)

MSGSs rely on micro-electronics technology, using precision (1-2mm) lithographic 
techniques, to overcome two major limitations of MWPCs: 

Spatial resolution orthogonal to the wire is limited by the wire spacing (>1mm)  
Rate capability is limited by the long ion collection time (tens of µs)

38Ingrid-Maria Gregor -  Advanced (Tracking) Detectors - Part 2

Alternating narrow anode strips and wider cathode strips deposited on an insulator by 
photolithography 
MSGCs are rather prone to discharge, particularly in difficult environments. 



MSGCs (contd)

Cathode strips are arranged between the anode strips for an improved field quality and to improve the rate 
by fast removal of positive ions 

Reduced dead time between signals
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Rate and spatial resolution improved w.r.t. MWPCs by more than an order of magnitude 
Spatial resolution can be a few tens of microns 

Segmentation of the cathodes also possible to allow 2-dimensional readout



Micromegas 

Micromegas (Micro Mesh Gas Detectors) 
high position resolution with readout strip pitch of 250 to 
500 micrometers.  
Charged particles ionize the detector gas 
Electrons from ionization amplified in avalanche between a 
fine micro mesh and readout strips.  
High rate capability 
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GEMS

Electrons are collected on patterned readout board.  
A fast signal can be detected on the lower GEM electrode for 
triggering or energy discrimination. 
All readout electrodes are at ground potential.  
Positive ions partially collected on the GEM electrode

41Ingrid-Maria Gregor -  Advanced (Tracking) Detectors - Part 2

F. Sauli, GEM: A new concept for electron amplification in gas detectors, NIM A386(1997) 531



•  Simulation:  Garfield++  
(Particle Detector Simulation Toolkit)

GEM – Gas Electron Multiplier

Animation of the avalanche process 
monitor in ns-time electron/ion drifting and multiplication in GEM: 
electrons are blue,  
ions are red,  
the GEM mesh is orange

42Ingrid-Maria Gregor -  Advanced (Tracking) Detectors - Part 2

http://cern.ch/garfieldpp/examples/gemgain The RD51 collaboration 

http://cern.ch/garfieldpp/examples/gemgain


Current Trents in Gas Detectors 

43Ingrid-Maria Gregor -  Advanced (Tracking) Detectors - Part 2

Current Trends in Micropattern Gaseous Detectors 
Manufacturing Technologies 
Micromegas 
GEM

ThickGEM/RETGEM 
MPDG with CMOS pixel ASICs 
Ingrid Technology



Current Trents in Gas Detectors 
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Current Trends in Micropattern Gaseous Detectors 
Manufacturing Technologies 
Micromegas 
GEM

ThickGEM/RETGEM 
MPDG with CMOS pixel ASICs 
Ingrid Technology

Applications (HEP, Astrophysics, Nuclear Physics, 
Industrial and Medical ) 

Charged Particles Tracking 
Triggering 
TPC Readout 
Calorimetry, Muon Detectors  
Photon Detectors (UV and Visible Light Detection)  
X-Ray Astronomy 
Soft X-Ray Imaging  
Neutron Detection  
Cryogenic Detectors C
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IV.B Muon-Detectors



Also Gas Detectors: Muon Detectors

Identification and precise momentum 
measurement of muons outside of the magnet 
Benchmark design for muon detectors: 
momentum measurement better than 10% up 
to 1 TeV. 

∆pT/pT ≈ 1/BL2
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A muon tracks can be:  
“standalone” purely based on muon system   
“combined” btw muon system and inner detector 

Example: ATLAS 
independent muon system -> 
excellent stand capabilities
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Precision Chambers

Gas-filled drift tubes with central wire 
Signal read out on both ends  
Spatial resolution increased by recording 
drift time. 

47

1) Monitored Drift Tubes (MDT)

4

Muon Detectors

Drift Tubes

 Cheap, Robust, ~10K m2

 400-750ns drift time

 MDT = ATLAS

 DT = CMS

Resistive Plate Chambers

 Fast enough for L1 Trigger

 Determine Beam Crossing

 Reduce random backgrounds
 Single gap or Multi-Gap, ~4K m2

 RPC = ATLAS, CMS

Multi-wire Proportional Chambers

 Cheap, Robust,  ~6K m2

 <10 mm gaps, 2D position
 CSC = ATLAS, CMS

 TGC = ATLAS, very thin for timing

Drift Tube

High-pressure drift tubes  
σ(R)≈100µm, Tdrift≈700ns  

2) Cathode Strip Chambers
Operation in high rate environment  
σ(R)≈60µmTdrift≈20ns  

Array of anode wires crossed with copper 
cathode strips within gas volume. 
Short drift distances. 
Suited for high eta (“forward”)



Trigger Chambers

Robust detector with up to 5ns time resolution 

Charge carriers drift towards anode and get multiplied 
by electric field (avalanche).  

Applied  high voltage at  parallel plate electrodes 
leads to uniform electric field in the gas gap.  

The propagation of the growing number of charges 
induces a signal on a read out electrode. 
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1) Resistive Plate Chambers (RPCs)

2) Thin Gap Chambers (TGCs)
Derivative of MWPCs 

Operation in saturated mode. Signal amplitude 
limited by by the resistivity of the graphite layer



RPC detectors at CMS
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Consequences of luminosity rising beyond design 
values for forward muon wheels  

Degradation of the tracking performance (efficiency / 
resolution)  
L1 muon trigger available bandwidth exceeded unless 
thresholds are raised    

Replace Muon Small Wheels with New Muon Small 
Wheels (NSW) 

Improved tracking and trigger capabilities meets 
Phase-2 requirements  

compatible with <µ>=200, up to L~7x1034 cm-2s-1 
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Muons: New Small Wheel
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•  In'forward'direc5on'the'efficiency'of'muon'chambers'
deteriorates'as'the'luminosity'goes'beyond'the'design'value'

•  LevelI1'muon'trigger'rate'exceeds'the'available'bandwidth'
unless'thresholds'raised'

'Replace'small'wheels'
•  To'reject'fake'muon'triggers'by'requiring'high'quality''    
      poin5ng'to'interac5on'region'
•  To'combinine'sTGC'and'micromegas'technologies'for'

robustness'to'PhaseIII'luminosi5es�

The'innermost'sta5on'
of'the''muon'endcap'

Located'between'
endcap'calorimeter'
and'endcap'toroid'

Consequences of luminosity rising beyond design values for forward muon wheels 
Degradation of the tracking performance (efficiency / resolution) 
L1 muon trigger available bandwidth exceeded unless thresholds are raised
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Replace Muon Small Wheels with New Muon Small Wheels 
Improved tracking and trigger capabilities
Meets Phase-2 requirements

compatible with <µ>=200, up to L~7x1034 cm-2s-1

MicroMegas (area of 1200 m2)
Space resolution < 100 µm independent of  incidence angle 
High granularity -> good track separation
High rate capability due to small gas amplification region and 
small space charge effect 

Small strip Thin Gap Chambers (sTGC) (area of 1200 m2)
Space resolution < 100 µm independent of  incidence angle 
Bunch ID with good timing resolution to suppress fakes 
Track vectors with < 1 mrad angular resolution 
Based on proven TGC technology 

6

Coverage: 
Tracking up to η = 2.7
Triggering up to η = 2.4

Phase-1: New Small Wheel



Phase-1: New Small Wheel

Precision: MicroMegas 
Space resolution < 100 µm independent of incidence angle  
High granularity -> good track separation  
High rate capability due to small gas amplification region 
and small space charge effect  

Timing: Small strip Thin Gap Chambers (sTGC) 
Space resolution < 100 µm independent of incidence angle 
Space resolution < 100 µm independent of incidence angle  
Bunch ID with good timing resolution to suppress fakes 
Track vectors with < 1 mrad angular resolution
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Consequences of luminosity rising beyond design values for forward muon wheels 
Degradation of the tracking performance (efficiency / resolution) 
L1 muon trigger available bandwidth exceeded unless thresholds are raised
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Replace Muon Small Wheels with New Muon Small Wheels 
Improved tracking and trigger capabilities
Meets Phase-2 requirements

compatible with <µ>=200, up to L~7x1034 cm-2s-1

MicroMegas (area of 1200 m2)
Space resolution < 100 µm independent of  incidence angle 
High granularity -> good track separation
High rate capability due to small gas amplification region and 
small space charge effect 

Small strip Thin Gap Chambers (sTGC) (area of 1200 m2)
Space resolution < 100 µm independent of  incidence angle 
Bunch ID with good timing resolution to suppress fakes 
Track vectors with < 1 mrad angular resolution 
Based on proven TGC technology 
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Total area of 1200 m 2  



On the way to the Cavern

After 10 years  
of work 

52Ingrid-Maria Gregor -  Advanced (Tracking) Detectors - Part 2



Ingrid-Maria Gregor -  Instrumentation and Detectors - Part 1

Summary Part 2
Tracking Detectors   

Precise measurement of track and momentum of charged particles due to magnetic field. 
Mostly based on ionisation 

53

Semiconductor Detectors 
In particle physics based on silicon  
Pixel and strip detectors for innermost regions of experiments 

Gas Detectors 
Many different flavours being used  
Very light detectors  

Muon Detectors 
“Outer tracking detectors” also used for triggering  
Mostly gas detectors 

Tomorrow !! 


