
Particle Detectors 

• Particle Detectors & How They Work  
– physics goals & experiment types 
– specialized detectors 

• basic particle-matter interactions 
• tracking, velocity, energy, time 

• Designing & Optimizing Detectors 
– how to do mini-studies 

• optimizing performance 
• trade-offs you may have to make 
• mistakes you can avoid! 
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Présentateur
Commentaires de présentation
I will be giving two lectures.  Today’s will be an overview of detector instrumentation.  I will start by discussing how particle experiments are done: what are the physics goals, what kinds of beam and target are used, and what is a standard detector configuration for each of these types of experiment.
I will start the discussion with an example from 50 years ago: the use of bubble chambers to “see” particle interactions; to correlate particle tracks with the vertices from which they originate and thus to reconstruct the whole event, from initial production of particles to their decays to other particles.
I will then discuss modern physics set-ups and the specialized detector components.
I only name people who have won Nobel Prizes, hopefully avoiding problems of attribution of the many great ideas you will hear about.




Importance of Detectors 

• Technological advances in particle detection 
instrumentation is one of two factors underlying 
the considerable progress in nuclear and hadronic 
physics of the last 50 years; the other being the 
development and extension of theoretical 
techniques.   

• Fifty years ago, particles were detected in small 
table-top size devices at rates of a few per second. 

• Today, detectors the size of auditoriums are filled 
with instruments comprising hundreds of 
thousands of signal channels with overall event 
rates in the tens of thousands per second. 
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Seeing Tracks using Ionization 
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Bubble Chamber Photo 
‘super-critical’ liquid near boiling 
  boiling begins along  ion  trail 
  time-consuming to analyze 
  low data rate 
  excellent imaging quality 

Don  Glaser: 
-inventor of the 
bubble chamber 
1960 Nobel Prize 

Présentateur
Commentaires de présentation
On the right is a bubble-chamber photograph which shows the tracks of particles produced by the interaction of a beam particle with a nucleus of an atom of the bubble chamber liquid.  The complete detection of charged and some neutral particles and the good image quality allows detailed event reconstruction.  However, data analysis is tedious and data-rates slow.
On the left is a photograph of Don Glaser, winner of the 1960 Nobel Prize for inventing the bubble chamber.



• The Nobel Prize in Physics 
1948 was awarded to 
Patrick M.S. Blackett "for 
his development of the 
Wilson cloud chamber 
method, and his discoveries 
therewith in the fields of 
nuclear physics and cosmic 
radiation”. 
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• Charles Thomson Rees 
Wilson in 1927 "for his 
method of making the 
paths of electrically 
charged particles visible by 
condensation of vapour".  

 

The predecessors 
of the bubble 

chamber 

Présentateur
Commentaires de présentation
Here are two winners of the Nobel Prize for predecessors to the bubble chamber.  It was an important invention, and obviously captured the interest of the prize committee.



Bubble Chamber 
Photograph: 
- Measure trajectory  (in 

B-field) 
- correlate tracks with 

vertices (particle decay) 
- ionization density & 

curvature: measure P, b 
- ‘vee’s à see neutrals 
- constrained fitting 

Modern detector: 
-  specialized detectors 
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Présentateur
Commentaires de présentation
Let’s look at this picture in some detail.  The lines follow the trajectory of charged particles which traversed the bubble chamber liquid, leaving behind a trail of ionized atoms.  These ions formed the nucleus of a bubble as the liquid  suddenly underwent a phase transition to the gaseous stage when the pressure was suddenly lowered.  The tracks are curved because of a magnetic field with direction out of the page: one charge of particle bends “up” and the other charge “down”.  Not only can you see tracks, you can see ‘vees’ where two tracks emerge from a common vertex out of “nothing”.  Of course, it’s not out of nothing; the vee is the vertex of a neutral particle decaying to positive and negative ‘daughter’ particles.  The good resolution allows for a detailed examination of the whole scattering event, however, it is limited by other events initiated by other beam particles – obviously, one cannot handle more than a few scores of beam particles.



Particle Experiments:  Physics Goals 

Type Beam/ 
Target 

Physics Goal Comments 

Colliding 
beams 

𝑒𝑒+  𝑒𝑒− 
study quarkonia, 
hadronization, 
search 

good for specific searches, 
spectroscopy (when masses 
are ~known) 

𝑒𝑒+  𝑒𝑒− 
(asymm.) 

weak decays asymm. Lorentz boost à 
asymm. detector 

𝑝𝑝𝑝𝑝, 𝑝𝑝𝑝𝑝 hadronization, 
search 

good for general search 
(e.g. Higgs) 

𝐴𝐴𝐴𝐴 QGP, hadronization very high particle 
multiplicity 

Fixed 
Target 

𝑒𝑒𝑒𝑒 GPD’s, SIDIS, 
exclusive 

polarized beam, target 
possible;  very high 
luminosity, good for 
production experiments 𝑔𝑔𝑔𝑔 glueballs, hybrid 
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Présentateur
Commentaires de présentation
Now that we have looked at a bubble chamber photograph of a particle interaction ‘event’, I’d like to discuss the various types of particle experiments going on today, their physics goals and some comments about them.



Experiment Set-ups 
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Type Projectiles Detector Type 

Colliding 
beams 

e+e-,  
e+e- (asymm.) 
PP, PP, AA 

Solenoid; perhaps with 
asymmetric end-caps 

Fixed Target eP, gP, pP, PP 

small-aperture, focussing 
spectrometer 
large-acceptance magnetic 
spectrometer 

Présentateur
Commentaires de présentation
Once a physics goal has been set and a beam-line concept developed, it’s time to design a detector package which will detect the individual particles produced in the events of interest.  There are only a few general detector set-ups.



Typical Solenoid Detector 
- Central Part - 
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Calorimeter 

Solenoid 

Drift 
Chamber 

Vertex 
Tracker 

Présentateur
Commentaires de présentation
Here is a sketch of a generic colliding beam experiment.
The detector is designed to be hermetic: that is to detect as many of the produced particles as possible.  The axial symmetry calls for a cylindrical design.



Solenoid Detector 
… add an end-cap 
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“End-cap” 
forward-going 
charged and 
neutral particles 

Présentateur
Commentaires de présentation
An end-cap is added to detect forward-going particles; sometimes it has its own magnetic field.



… muon counters on outside 
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Présentateur
Commentaires de présentation
Muons can penetrate much material, they only interact with the e.m. force, and they are too heavy to radiate away much of their energy so the detectors are placed on the outside.  The huge area dictates an inexpensive solution: usually a proportional wire chamber.



Atlas detector at the LHC 
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Présentateur
Commentaires de présentation
Here is a sketch of the enormous Atlas detector at the LHC – a lot more complicated than my simple sketch, but as I will emphasize many times; you have to start simple.



Realities of an Experimentalist’s Life 
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Présentateur
Commentaires de présentation
My friend who is a “super-tech” at Jlab laughed out loud at this one.  The complication can be overwhelming, but underlying all of the technology are just a few kinds of detectors as we will see.



 a detector for weak decays 

 
• B-decays 

– weak decays: long-lived: detached vertex 
– lots of background 
àasymmetric beam; good vertex detector 

àBaBar detector at SLAC 
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BaBar 

Présentateur
Commentaires de présentation
Here was an earlier detector, BaBar, which ran at SLAC and also concentrated on b-particle decays.  The beams were asymmetric in energy in order to boost the particle momenta and thus lengthen the distance between the e+e- vertex and the decay vertex.



Fixed Target Experiments 

• Lower center-of-mass energy than 
colliding beams 

• Typically higher luminosity (high 
particle density in a target ! ) 

• Good for studying target (e.g. proton) 
structure 

• Good for studying production 
mechanisms, polarization variables 
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Présentateur
Commentaires de présentation
Some experiments (for example, the ones done in the ‘60’s and ‘70’s which discovered quarks, are called fixed-target.



Fixed Target Detectors 
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electron 
spectrometer 

hadron 
spectrometer 

e- beam e- 

p, K, or P 

Présentateur
Commentaires de présentation
Here’s a sketch of a fixed-target expt.



A (typical?) fixed-target detector 
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Magnet Cerenkov Counter 

charged 
particle 
trajectory 

`Tracking’ Detectors 

`Timing’ Counter 

`Shower’ Counter 

neutral 
particle 
trajectory 

beam  target 

Présentateur
Commentaires de présentation
… and here is a sketch of the essential specialized detector components of a fixed-target detector set-up:
magnet and tracking detectors for measuring charged particle momenta, timing counters to measure flight times, Cerenkov counters for a direct velocity determination and shower counters which measured energy deposited and is most important for neutral particle detection since they are not seen by the tracking system.



CLAS12 detector at Jlab 
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CLAS12 
Forward 
Detector 

CLAS12 
Central 
Detector 

Présentateur
Commentaires de présentation
… and here is a simple sketch of the detector I work on – the CLAS12 detector – a large-acceptance detector optimized for running at 12 GeV: forward-going particles, high event rates, events with a few (typ. less than 5-6) particles involved.  Tgere is a forward part with magnet and tracking chambers, Cerenkov counter, and timing and shower counters, and a central part with all but Cerenkov counter.  Being at much lower energy, this detector is optimized to detect ALL particles from an event, a process known as exclusive production.



Specialized Detector Types by 
Measurement Goal 

1. Tracking chambers for charged particles 
– trajectory through magnetic field 
– momentum, angle of charged track 

2. Timing counters 
– determine elapsed time-of-flight 
– path length, momentum à b, mass 

3. Velocity detectors 
– use ‘Cerenkov’ light for direct b measurement 

4. Energy deposition 
– ‘calorimeter’ measures energy of neutral particles 
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Présentateur
Commentaires de présentation
I will discuss the four types of detectors.



Primary Particle Interactions 
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Useful Formulas  
Energy loss = 2 MeV/g/cm 
      (for minimum ionizing) 
~1 interaction / 300 mm in 
gas 
~100 electrons / cm in gas 

Nphotons ~ 2 * 104 / cm 
transparency very important 

Threshold:   Vparticle / Vlight > 1 
 
tanqc = b2n2−1  
 

𝑑𝑑2𝑁𝑁
𝑑𝑑𝑑𝑑 𝑑𝑑l  =  2

Présentateur
Commentaires de présentation
Before I go further discussing detectors, let’s go over the basic interactions of charged particles with matter.  I’ll go over some of the formulas to give you a feeling for the basic parameters of these interactions.
A couple of questions for you:
- a min. ionizing particle interacts on average every 300 microns in gas; does this have implications for resolution of a gas-based detector?



Sub-Detector Fabrication 

• Tracking chambers 
– Liquid: Bubble Chambers 
– Gaseous: Wire Chambers, GEM’s, Micromegas 
– Solid-state: Silicon 

• Timing counters 
– scintillator ‘paddles’ with PMT readout 

• Velocity detectors 
– ‘Cerenkov’ light: threshold or imaging 

• Energy deposition 
– ‘shower counters’, radiator + scintillator stack 
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Présentateur
Commentaires de présentation
Here are our 4 kinds of detectors, and the mechanical form they take.
I will now talk about tracking detectors: I’ve already shown you a bubble chamber, now I’ll talk about gaseous wire chambers and then gaseous micro-pattern devices between briefly discussing Silicon trackers.



Types of Tracking Chambers 

• Wire Chambers (Geiger tubes to drift chambers) 
– gas amplification à signal 
– electron ‘avalanche’ in high-field near small-diameter wire 
– use ‘time of arrival’ to estimate ‘distance of closest approach’ 

• Micro-pattern gas amplification devices 
– gas amplification à signal 
– lithography techniques à amplification and pick-up features 
– ‘GEM’s  and ‘Micromegas’ 

• Solid-State Detectors 
– etched and micro-fabricated Silicon structure 
– collect primary ions; no intrinsic amplification 
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Présentateur
Commentaires de présentation
Before I start talking about details let’s see why these tracking devices are used in various places in a set-up.
Here I’ve listed the major types of tracking chambers – don’t forget that these are used in or around a magnetic field which bends the trajectory and allows a measurement of the track’s momentum.
I’m going to start the discussion with wire chambers: they were the first ones used and they illustrate some general principles of gas detectors.  Also, this is my own area of expertise so I’m biased.



‘Geiger’ tube 
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Metallic 
tube 
(at ground) 

gas 
wire 
(at positive 
high-voltage) 

cosmic ray 

~1 ionization/ 300 mm 
 
1 - 10 electrons / ionization 

~ 100 electrons/cm 

Présentateur
Commentaires de présentation
Here is a sketch of a cosmic ray passing through a ‘Geiger tube’.



“drifting” of the electrons 
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wire at positive voltage 
•electrons drift to the wire 
•strike a molecule every 4 mm 
•velocity ~ 50 mm/ns (max) 
 
To see this: 
    𝟏𝟏

𝟐𝟐
(𝒎𝒎

𝒄𝒄𝟐𝟐)𝒗𝒗𝟐𝟐 =∆ ∗ 𝑬𝑬, where 

∆ ≅ 4mm,     𝑬𝑬 ≅ 𝟑𝟑𝟑𝟑𝟑𝟑 𝑽𝑽
𝒄𝒄𝒄𝒄

 

vmax =
𝟐𝟐∆∗𝑬𝑬

𝒎𝒎
 * c = 𝟏𝟏𝟏𝟏𝟏𝟏 mm/ns 

Présentateur
Commentaires de présentation
Atoms are ionized.  The electrons are attracted to the positive wire, the positive atomic ions to the grounded metal tube.  The electron drift consists of an acceleration in the electric field, bumping into an atom and stopping or slowing down or changing direction, and then accelerating again: a random walk t the wire.



the “avalanche” 
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wire 
Radius at which 
E = i / mfp 
 
i ~  20 eV 
mfp ~ 4 mm 
 
Ecrit ~ 50 kV/cm 

every mfp 
the number 
of electrons 
doubles 
~ 15 doublings 
for gain of 5 ∗ 104 

close-up 
of wire 

rule of thumb: 
gain doubles every  
75 or 100 Volts 

Présentateur
Commentaires de présentation
When the electron gets close enough to the wire such that it picks up 10 – 20 eV on energy in one mean free path, it will ionize the next atom it strikes; now we have two electrons.  They accelerate over 1 mfp, ionize two atoms and now we have 4 electrons …
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Hans Geiger invented the 
‘Geiger’ tube; here he is with 
Professor Rutherford working 
on the experiment which 
discovered the atomic nucleus 

… and here is their graduate 
student,  Ernest Marsden, some 
years later in New Zealand 

Hans Geiger   Ernest Rutherford 

Ernest Marsden 

Présentateur
Commentaires de présentation
Here is a photo of the inventor of the Geiger tube: Hans Gieger along with his boss, Ernest Rutherford, working on the equipment they used to discover the finite (and very small) size of the atomic nucleus.  Below is a picture of their graduate student, Ernest Marsden, with wife and daughter in New Zealand.

… and here’s a sketch of how their experiment worked.  Not shown is the post-doc or student peering through the microscope for hours on end in a darkened room, jotting down each occurrence of a flash of light indicating an alpha particle which scattered off of a gold nucleus at a certain angle.



“drifting” of the electrons 
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wire at positive voltage •electrons drift to the wire 
•strike a molecule every 4 mm 
•velocity ~ 50 mm / ns 
 

•New Idea - increase the 
accuracy of the tube by 
measuring the time difference 
between the wire signal and 
another prompt signal 
 
à name ‘drift chamber’ 
 

Présentateur
Commentaires de présentation
Geiger tubes are efficient at detecting particles, but their accuracy is limited - you only knew that the particle passed through the tube, but not where.

A new idea used the time of the signal (compared to an external timing signal) to measure the time of drift of the ionization electrons - and hence, how far away the track was.

Georges Charpak received the Nobel Prize for this discovery.



Nobel Prize Winner 
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Georges Charpak: 
 
-inventor of the multi-wire 
proportional chamber 
1992 Nobel Prize 
 
-in a key 1968 paper, he also 
pointed the way to using drift 
time to improve measurement 
accuracy 

Présentateur
Commentaires de présentation
Georges Charpak was very influential in detector development and was awarded the 1992 Nobel Prize for inventing the multi-wire proportional chamber.



“all-wire” drift chamber 
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wires in layers 
“brick-wall” fashion 

S 
F 

F 

Présentateur
Commentaires de présentation
And now here is an example of a multiwire  chamber.  Here is one way to lay out an “all-wire” chamber.  This requires the minimum number of field wires per sense wire, approx. 2:1.  It has some advantages over chambers in which the cathode surface is a plane or cylindrical tube.



how tracking works 
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hit wires 
shown in  
  yellow 

minimize rms between 
track and calculated distance 

Présentateur
Commentaires de présentation
Finding and fitting tracks: minimizing the chi-squared based on the residual distance between the track candidate’s distance to a wire and the distance of closest approach to a wire calculated from its arrival time.  The fit has to take account of the fact that we just measure time and so don’t know at the hit level if the track is to the right or the left of the wire.



drift velocity calibration necessary 
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time (ns) 

distance 
 (cm) 

Présentateur
Commentaires de présentation
How calibration is done: after track fits , fit the scatterplot of the track doca vs. time.  This is a very simplified picture; the time of arrival depends not only on the distance of closest approach, but also on the entrance angle, the value of the B field at the hit location, and, because of time-walk, on the beta of the track.



CLAS12 DC Design Decisions 
solenoidal shield necessary for 1035 

fwd./bck. separation fwd. trks.; magnet interactions 
high ∫B∙dl torus good dp/p for fwd. tracks 
6x6 layers robust track-finding 
+/- 6o stereo better f resolution; more ambigs. 
planar; self-supporting identical cells, easy to calibrate, 

survey, repair 
112 wires/layer cell-size; cost 
30 mm sense wire  
92/08 Ar:CO2 

faster, linear xvst, strong, more reliable 
stringing  

on-chamber amplifiers long cable runs 
re-use hv, lv, ADB, TDC lots of spares; cost 

Particle Detectors 

Présentateur
Commentaires de présentation
many things to keep in mind; many of these issues were discussed in formal and informal reviews



Use Lithography to Replace Wires! 

Micro-pattern gas detectors 
• No wires to break, accurate patterns, fast 

ion clearing, anode at ground 
• Ideal for TPC’s; not as uniform as wires 
• Less multiple scattering than Silicon 
• Multi-GEM’s -> less ion feedback  

– more stable at same gain 
• shape of dielectric important 
• Micromegas w/ resistive anodes  

-> competitive with  GEM’s 
• Flexible readout schemes ! 
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Présentateur
Commentaires de présentation
After the rise of the Silicon  semi-conductor industry and the pervasive use of lithography, people got the idea to use lithographic techniques to imprint electrode patterns on circuit boards but to use them in conjunction with a gas detector, thus getting the precision of Silicon technology with the large gain of gas detectors.



GasElectronMultiplier Detector 
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Drift region: low field: few thousand V/cm 
High field in hole 
 - avalanche occurs in hole 
 - charge current induced on electrodes 

Présentateur
Commentaires de présentation
GEM’s are very adaptable ion amplifiers; can be used with a variety of strip or pixel readout schemes.  The electrons are pushed by a fairly low drift electric field into the hole.  In the hole, the electric field is strongly magnified because many more field lines go through air than through the high dielectric constant of the insulator.  This field is high enough that it exceeds the avalanche criteria: in 1 mean free path, the electron gains enough energy (E X mfp) to ionize a gas atom; then 1 electron becomes 2, 2 become 4, ….  They then drift without further ado toward the pick-up electrode surface (sculpted into strips, usually) and induce charges (and thus currents) on those strips.



MicroMeshGas Detector 
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Drift region: low field: few thousand V/cm 
High field between mesh and anodes 
 - avalanche occurs in gap 
 - charge picked up on electrodes 

Présentateur
Commentaires de présentation
MM is simpler mechanically; but requires very good mechanical QC.  Like in the GEM there is relatively low E-field drift region.  When (most of) the electrons penetrate the mesh they are suddenly accelerated by a very high field (~100 kV/cm) and this avalanche of electrons induces a charge current on the pickup electrodes.  The structure (mesh support pillars as well as metal on substrate electrodes) is formed by lithographic, subtractive processes.  Maybe in the future they will be produced by an additive process? (a 3-d printer)



Silicon Strip Detector 

September 30, 2013 Particle Detectors 
35 

• Ions produced in bulk layer 
• Drift to pick-up strips 
• No intrinsic amplification 
• Resolution ~ strip pitch / 12  

Présentateur
Commentaires de présentation
Silicon strip detector: very small and accurate pitch – very good resolutions, but at the price of fairly high multiple scattering.  Small signals  careful attention to electronic noise is essential.



How to measure x,y,z with straight stips (and read out in the 
back?) 
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One layer Mirror Image 

‘stereo’ layers allow 
2-d measurement 

Présentateur
Commentaires de présentation
In our design, we use a ‘graded stereo angle’ for the strips, greatly exaggerated in the figure.  In reality, on one plane the strip direction goes from axially parallel to 3 degrees off-axis.  The plane below is just the mirror image, so the average stereo angle difference between one plane and the other is 3 degrees.  This allowed us to read out on one end and to use a single sensor type for our whole detector.



Tracking Detectors: a Comparison 
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Detector 
Type 

Basic 
measurement 
type 

Principle of 
signal 
generation 

Resolution Remarks 

Wire 
chamber 

Proportional 
Counter 

Ion drift in an 
electric field; 

 gas 
amplification by 

‘avalanche’ 

cell 
width/ 12 

fast response 

Drift Chamber 
100 – 300 
mm 

inexpensive, 
detailed 
calibration 

Micro-
pattern  
gas 

 GEM ~100 mm complicated 
system 

MicroMegas ~100 mm 
 

can spark 

Solid-
state Silicon, diamond 

Ion (or hole) drift; 
no internal 
amplification 

~20 – 50 mm 
 

expensive; large 
mult. scattering; 
low noise critical 

Présentateur
Commentaires de présentation
Here’s a comparison of the pros and cons of the three kinds of tracking chambers.



Detector Purpose 

• Tracking chambers 
– trajectory through magnetic field 
– momentum, angle of charged track 

• Timing counters 
– determine elapsed time-of-flight 
– path length, momentum à b, mass 

• Velocity detectors 
– use ‘Cerenkov’ light for direct b measurement 

• Energy deposition 
– ‘calorimetry’ measure energy of neutral particles 
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Présentateur
Commentaires de présentation
Now we’ll turn our attention to time of flight counters.



Time of Flight test set-up 
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Particle Trajectory 

Stop 

Start 
Disc 

Disc T
D
C 

Resolution depends on: 
Scint. quality: amt. of light 
        transparency 
Scint. thickness; more light 
         fewer bounces 

c = 30 cm/ns 
vscint = c/n = 20 cm/ns 
veff = 16 cm/ns 
vpmt = 0.6 cm/ns 
vcable = 20 cm/ns 

Présentateur
Commentaires de présentation
Here is a sketch of a particle going through two typical scintillator timing counters.  Scintillation light produced in the semi-transparent material travels to the photo-multiplier tubes where the light is converted to an electrical current  and greatly amplified.  Typically, this analog current pulse is digitized with a voltage-sensitive discriminator and the resulting output pulse produces a digital time in a TDC board.



… how Photo-Multiplier Tubes work 

September 30, 2013 Particle Detectors 
40 

• photon strikes cathode 
• releases one or more electrons 
• electric fields push electrons to 

first dynode 
• 1 electrons releases 2 
• go to next dynode 
• ….. 
• 𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈 =  𝟐𝟐𝒏𝒏 

Présentateur
Commentaires de présentation
here’s an animation of a photo-type at work



How to Measure Particle Mass? 

𝑝𝑝 = 𝑚𝑚𝛾𝛾𝛾𝛾   →   𝑚𝑚 =
𝑝𝑝

𝛾𝛾𝛾𝛾
 

Measure (p) and track length (D)with a tracking chamber 
Measure elapsed (time) with a scintillator counter,  

𝛽𝛽 =  𝐷𝐷
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡�   ;    𝛾𝛾 =

1
1 − 𝛽𝛽2 

𝑚𝑚 =
𝑝𝑝

𝛾𝛾𝛾𝛾
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Présentateur
Commentaires de présentation
Combining momentum and track length from a tracking detector with time of flight allows us to calculated the particle velocity, beta, and then the mass, essentially identifying the particle.



Particle Separation by TOF 
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Good particle identification 
- good time resolution 
- long flight-path 
- here’s an example from the 

CLAS detector: ~200 ps 
resolution, ~ 5m path length 

• p/k/P separation to ~2GeV/c 

𝛅𝛅𝛅𝛅
𝑚𝑚

2
= 𝑑𝑑𝑑𝑑

𝑝𝑝

2
+𝛄𝛄4  𝛅𝛅𝛅𝛅

𝛃𝛃

2
 

𝑝𝑝 = 𝑚𝑚𝛾𝛾𝛾𝛾   →   𝑚𝑚 =
𝑝𝑝

𝛾𝛾𝛾𝛾
 

Présentateur
Commentaires de présentation
A plot of reconstructed beta vs. momentum for pi, k and p.  Separation out to 2 GeV/c.
Note that for high-energy particles, gamma is large and the time resolution dominates the mass resolution.



Detector Purpose 

• Tracking chambers 
– trajectory through magnetic field 
– momentum, angle of charged track 

• Timing counters 
– determine elapsed time-of-flight 
– path length, momentum à b, mass 

• Velocity detectors 
– use ‘Cerenkov’ light for direct b measurement 

• Energy deposition 
– ‘calorimetry’ measure energy of neutral particles 
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Présentateur
Commentaires de présentation
Now I’m going to briefly discuss Cerenkov detectors.



Cerenkov Light Detectors 
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Pavel Cerenkov 
Discoverer of 
‘Cerenkov’  radiation 
1958 Nobel Prize 

Cerenkov 
direction 
of light 

lines of phase 
coherence qc 

Présentateur
Commentaires de présentation
When an atom passes through a gas its passing electric field ‘shakes’ the atom’s electron clouds much like the wind from a passing car bends the grass on the side of the road.  This shaking would only produce random noise unless there is a phase coherence.  This can happen if a particle is going faster the ‘wind speed’, in this case the speed of propagation of light through the gas.  In that case, there is a line at some angle to the particle direction for which the electrical disturbance of the passing particle will have reached all of the atoms along this line at the same time: they are vibrating in phase and these vibrating charges emits a wave of light (because of quantum mechanics, a bunch of photons) in this direction.



b-dependence: Cerenkov Light 
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fast fastest faster 

Angle of emission becomes larger 
More light emitted; proportional to length of light-front 
Measure b-dependence ! 

45 

Présentateur
Commentaires de présentation
Like a boat speeding over a lake, the angle of the wave becomes larger and larger the faster the boat goes.  By the way, if the boat is traveling slower than the wave velocity, there is no linear wake.



Two Kinds of Cerenkov Counters 

• Threshold counter 
– less massive particle produces light 
– heavier particle above threshold 

• “RICH” – Ring Imaging Cherenkov 
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Cerenkov 
direction 
of light 

qc 

Présentateur
Commentaires de présentation
A threshold counter is simple in principle: if a particle has velocity above the critical value there will be light and if below, none.  A ring-imaging detector’s operation consists of measuring the angle of emission and thus the velocity of the particle.



RICH   Detector 
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Measure circle 
of photons 

Présentateur
Commentaires de présentation
There are not many photons, so the photo-detectors have to be very efficient.  The best PMT’s  have a detection efficiency for one photon of about 20%.



Detector Purpose 

• Tracking chambers 
– trajectory through magnetic field 
– momentum, angle of charged track 

• Timing counters 
– determine elapsed time-of-flight 
– path length, momentum à b, mass 

• Velocity detectors 
– use ‘Cerenkov’ light for direct b measurement 

• Energy deposition 
– ‘calorimetry’ measure energy of neutral particles 
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Présentateur
Commentaires de présentation
The 4th type of detector I’ll discuss is variously call a calorimeter because it measures ‘calor’ or energy, or called a shower counter because the incident particle initiates a shower of particles (mostly electrons) that traverse some transparent material (either scintillator or Cerenkov emitters) and there is a subsequent shower of light to read out which is proportional to the energy of the incident particle (unless energy ‘leaks out’ the sides or back).



Electromagnetic Calorimeters 

• … also known as `shower counters’ 
– entering particles initiate an electromagnetic 

shower (lead plates) 
– ionization à scintillator or Cerenkov light 
– measure light à energy deposited 

• Determine ‘cluster’ position 
• Energy and position of neutral shower 
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Présentateur
Commentaires de présentation
If the light emitting elements are segmented, one can measure position as well as energy.



… how to build a shower counter 
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• lay out ‘slabs’ of scintillator 
• 3 orientations 

Présentateur
Commentaires de présentation
Here is how the CLAS electromagnetic calorimeter is laid out: with three ‘views’ of scintillator slabs interspersed with thin lead sheets to initiate and accelerate the showering process within a finite distance.



… building a shower counter, cont. 
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- stack layers of scintillator 
- lead sheets interleaved 
- add readouts on 3 sides 

 
à cluster position and energy 

Présentateur
Commentaires de présentation
By triangulating hit PMT’s we can locate the shower.  By adding their pulse heights we get the energy of the shower and of the initiating particle.



Particle Detectors: a Comparison 
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Detector 
Type 

Measurement 
Type 

Signal 
Generation 

Remarks 

Tracking 
(gas) 

Spatial position Ionization, 
gas 
amplification 

Positive ions drift 
slowly, local “dead 
time” for wire chamber 

Tracking 
(solid state) 

Spatial position Ionization, 
charge 
collection 

No internal 
amplification; good 
S/N essential 

TOF Flight time scintillation More light, less jitter 

Cerenkov Particle velocity Coherent 
light 
emission 

Since speed of light is 
frequency dependent, 
so is emission angle 

Calorimeter Energy 
deposition 

Shower -> 
scintillation 

“Dead” material can 
hide fluctuations 

Présentateur
Commentaires de présentation
I’ll summarize my remarks about the 4 main detector types: tracking, timing, Cerenkov and shower counters.



backups 
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Example: CMS detector 
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Présentateur
Commentaires de présentation
Here is an event reconstructed in the massive CMS detector with particle types identified by color.  Notably, you can see particle trajectories with curvatures inversely proportional to momentum and showers with ‘size’ proportional to energy (and thus to energy deposited).



LHCb: beauty physics 
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asymmetric 
detector: 
optimized for 
detached vertices 

Présentateur
Commentaires de présentation
The LHCb is a “small” detector (only 20 m long!!) designed to find the detached vertices associated with particles (like B mesons) which live a relatively long time before decaying, because they can decay to lower-energy states only through the weak interaction.  Particle identification (mainly kaons) is very important because of the large branching fractions to strange mesons; that’s why they have two Cerenkov counters.



HERMES detector at DESY 

September 30, 2013 Particle Detectors 
56 

Présentateur
Commentaires de présentation
Here’s a real-life sketch of the Hermes detector at DESY – with a 27 GeV e- beam incident on a target cell (usually liquid Hydrogen).



CLAS12  Central Detector 

• 3 double-layers 
Silicon 

• 3 double-layers 
MicroMeGas 

• 1 layer TOF 
with double 
readout 

• 3 layers 
Neutron 
Detector 
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examples of tracking, TOF, shower counter 

Présentateur
Commentaires de présentation
Here is a beautiful drawing of the central detector for CLAS12 which illustrates 3 of the 4 specialized detector types: tracking, time-of-flight and shower counter/timing counter.



Tracking Detectors: Wire Chambers 

What is the purpose? 
 - to measure particle trajectories to 

determine the momentum 
What is measured? 
 - spatial positions along a trajectory 
What provides the primary signal? 
 - ionization of gas molecules 
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Electric Field Pattern & Strength 
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Présentateur
Commentaires de présentation
The electric field pattern is 6-fold symmetric with a few relatively dead areas.
The right-hand plot shows contours of electric field strength with field strengths as low as ~500 V/cm.
The field at the sense wire surface is about 200 kV/cm.
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  Drift Velocity 
   Calculation 
 
  20 mm wire 
  2325 V 
  88:12 AR:CO2 
 
      30 mm wire 
      2550 V 
      92:08 AR:CO2 
 
      same gain 
 
      58% faster 
 
- and more linear !  

Présentateur
Commentaires de présentation
Optimizing chamber design: large diameter wire gives faster drift at same gain – better for high luminosity; also tougher and easier to string.  The only drawback is that one has to run at a higher voltage, in this case increasing the total sense minus field wire voltage difference from 2325  by 225V to 2550V.



Small ‘aspect ratio’ for electronics 

Particle Detectors 

Mechanical issues 
important: 
attachments, 
survey holes, gas 
lines, cables, 
electronics boards 
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Présentateur
Commentaires de présentation
One of our mechanical challenges was to keep ‘dead’ zones like the electronics boards in the already existing ‘shadow’ of the torus magnet cryostats.



Designers have the 
coolest drawing 
packages: 
here we see a tricky 
docking maneuver 
between our vertex 
tracker and our 
first collection of 
drift chambers 
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Présentateur
Commentaires de présentation
just a pretty picture



Monolithic pixel detectors 
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Présentateur
Commentaires de présentation
Many creative readout schemes, this one from a Vienna Conference on Instrumentation (2004) talk.



Other Types of Silicon Trackers 
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Présentateur
Commentaires de présentation
Here is a use of the drift velocity of ions in the Silicon substrate in order to have good spatial resolution even with a large strip pitch (and thus many fewer electronics channel).  Of course, you have to calibrate it.



Optimizing Resolution 
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Silicon close to  
beam line with 
small-angle 
stereo 
 
 
Micromegas at 
larger radius 
with 900 stereo 
readout 

Présentateur
Commentaires de présentation
CLAS12 has a tracking system optimized for low-energy hadrons at large angles.  More accurate Si strips at small vertex allow very accurate vertexing ability; large-radius coverage by MM give better dp/p than Si alone.  Also, the flexible readout scheme of MM allows 90 deg. stereo and very good measurement of the polar angle. 



Tracking Technology 
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Advantages / Disadvantages 

Présentateur
Commentaires de présentation
This table lists pros and cons of the three main kind of tracking chambers.



Elton Smith / Scintillation 
Detectors 

Energy deposited in scintillator 

Présentateur
Commentaires de présentation
Just an example of spectra from the CLAS detector.
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