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Why Physics ?
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Heavy Ion Physics
      motivation
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Motivation

    Quark-hadron    
             transition t = 10-6 sec

T=1 GeV

The Planck epoch

Today

HIHI

UrQMD Group – Frankfurt

Exotic nuclear structure & 
dynamics relevant for nuclear 
astrophysics

May nucleus-nucleus collisions 
probe the physics of this epoch 
this epoch     &     neutron stars
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Theory ⇔ Experiment
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Detectors Electronics Data processing and acquisition

Calibration and Analysis  
      
 (Software & Hardware)

Experimental devices

Physics
  (Theory ⇔ Experiment)

Experimental facilities
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Detectors’ aim

Determination of: 

             • position 

             • energy 

             • momentum  

             • particle identification (charge & mass) 

Experimental techniques in high-energy nuclear and particle physics 

T. Ferbel, World Scientific 1991
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A. Detectors relying on ionization and excitation:
 
• Gaseous detectors:  - Ionization Chambers,  Gaseous detectors:  - Ionization Chambers,  
                                                                        - Proportional Counters,  - Proportional Counters,  
                                                                        - Drift Chambers- Drift Chambers  
                                                                        - - Streamer chambers Streamer chambers 
                                                                        - Spark chambers- Spark chambers  
                                                                        - Flash tubes- Flash tubes
                                                                        - Avalanche Counters (PPAC)- Avalanche Counters (PPAC)
                                                                        - Resistive Plate Counters- Resistive Plate Counters (RPC)(RPC)

•  Liquid detectors:Liquid detectors:     - - Bubble chambersBubble chambers
                                    - - Ionization chambersIonization chambers

• Semiconductor detectors Semiconductor detectors - hodoscopes, pixel, drift, microstrips and CCDs hodoscopes, pixel, drift, microstrips and CCDs 

⇒  ∆∆ E, E, Z, A, position, Time-of-Flight measurements,E, E, Z, A, position, Time-of-Flight measurements, 
          momentum measurements in a magnetic fieldmomentum measurements in a magnetic field 

•  Scintillator counters and photomultipliersScintillator counters and photomultipliers 

⇒⇒  PID, n-PID, n-γγ  discrimination, Time-of-Flight measurements discrimination, Time-of-Flight measurements
8



B. Coherent effects for charged particles:
 

• Cherenkov radiation and Cherenkov detectors: Cherenkov radiation and Cherenkov detectors: 
                                                                                                                                                                - threshold- threshold
                                                                                                                                                                - ring imaging- ring imaging
•  Transition Radiation Detectors (TRD)Transition Radiation Detectors (TRD)

C. Interaction of electrons and photons with matter:

•  BremsstrahlungBremsstrahlung

•  Photo-electric effectPhoto-electric effect

•   Compton scatteringCompton scattering

•   ee++ee-- pair production pair production
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D. Electromagnetic calorimetry:
 
• Electromagnetic showers and energy measurement Electromagnetic showers and energy measurement 

E. Hadronic calorimetry:

•  Hadronic showersHadronic showers
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Interaction of charged particle with the matter

  minimum ionizing particles MIP

- Energy loss due to ionization depends on βγ
                  typically ∼  2 MeV/cm ρ /(g cm-3)
⇒liquids, solids: few MeV/cm
⇒gases:               few keV/cm

- Primary ionization: charged particle kicks electrons 
                                 from atoms
- In addition: excitation of atoms (no free electron)

⇒On the average Wi (ionization energy) needed to

                                                    to create a e- - ion pair
    Wi typically 30 eV 

        ⇒ ∼  2000eV/30eV = 60 e--ion pairs/(cm of gas)
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•  Gaseous detectors:  Gaseous detectors:  

- are based on the ionization process produced by charged particles as  - are based on the ionization process produced by charged particles as  
    they pass through matterthey pass through matter

-  free electrons and positive ions are produced along their tracks free electrons and positive ions are produced along their tracks 

-  The strength of applied field determines the working regime,The strength of applied field determines the working regime,
    therefore the detector type, i.e: therefore the detector type, i.e: 
    
            - Ionization Chambers   - Ionization Chambers   - small electric field   small electric field     the collected signal is the  the collected signal is the
                   (IC)(IC)                                                             original produced chargeoriginal produced charge
            - Proportional Counters - Proportional Counters - larger electric field larger electric field    secondary ionizations  secondary ionizations  
                                    (PC)(PC)                                                             but the final charge is                                                             but the final charge is
                                                                                                                                                                              still proportional withstill proportional with
                                                                                                                                                                              the initial onethe initial one  
                                                                      
            - Drift Chambers (DC)- Drift Chambers (DC)  
            - Time Projection Chambers (TPC)- Time Projection Chambers (TPC)
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•  Gaseous detectors (cnt’d):  Gaseous detectors (cnt’d):  
                                                                  
            - Streamer chambers- Streamer chambers  - electric field electric field  further increasedfurther increased  
                                  (SC)(SC)                                  --  secondary ionization increase  secondary ionization increase  ⇒⇒ saturation saturation
                                                                                    --  electrons-ions recombinationelectrons-ions recombination    ⇒⇒ visible  visible 
                                                                                                                                                                                                      streamersstreamers
                                                                                                                                                                      
                                                                      
            - Spark chambers- Spark chambers  - electric field electric field  very large and longer voltage pulsevery large and longer voltage pulse
                                                                              the photons produced by recombination producethe photons produced by recombination produce
                                                                              secondary avalanches secondary avalanches ⇒⇒  discharge spreads over       
                                                                                  the whole counter
                                                                      

            - Flash tubes - Flash tubes – spark mode maintaining the spatial resolution spark mode maintaining the spatial resolution
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ln M

Voltage

Attachment

Collection

Multiplication

Streamer

Gain characteristics

Breakdown

IONIZATION 
CHAMBER

PROPORTIONAL 
COUNTER

Saturation

n1

n2

Produced signal   ⇒  δ V = (q/CV0)·E·δ x
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http://consult.cern.ch/writeup/garfield/examples/gas/trans2000.html#elec
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IC-ExamplesIC-Examples

•
l
left

l
right l d

   lleft-lright~(tleft-tright) ⇒ θ lab  ;            ld~(tdrift-tstart) ⇒ ϕ lab

v ~⊥  E→ →

v →

Large area position sensitive IC

K

A

FG

θ G

• position resolution σ x  ≅  2.45 mm 

         ⇒ σ θ   ≅  0.175°

   (252Cf – fission fragments)
• Energy resolution FWHM 3.37%

   (252Cf - Eα=6.11 MeV)

4 ns LC between 
adjacent wires  

without FG

with FG
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IC-ExamplesIC-Examples

Large area position sensitive IC 

DRACULA experimental device
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IC-ExamplesIC-Examples

∆∆

RightLeft

ionizing particle

  Position information 
           using
 diagonally split anodes

(∆ EL  - ∆ ER) ~ x ~ θ lab
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IC performance - ExamplesIC performance - Examples

Elab=14.8 A·MeV

98Mo+147Sm

Σ
 ∆

E
i

i=
13

ER

-dE/dx = (aZ2c2/v2)ln[bv2/(c2-v2)]

since the logarithmic term varies 
slowly with energy (velocity) 

⇒ dE/dx ∼  MZ2/E

DRACULA 19



IC-ExamplesIC-Examples

v ~|| E

→

→ →

Bragg geometry IC

∆
E

(a
.u

.
)

ER(a.u.)

ionizing particle CH4 

p=300 torr

UA=1100  V

UFG=525 V

• Energy resolution FWHM 3.1%

   (239Pu - Eα=5.114 MeV)

19F+27AlElab=111.4 MeV

DRACULA

NE102

NE115
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IC-ExamplesIC-Examples→

Bragg geometry IC

ionizing particle

R

E

Sampling mode

∼  (Td-td)

Heavy ion range (A,Z,β)

Bragg peak amplitude (Z)

Specific ionization (Z,β)

Integral over the curve

⇒

⇒

⇒

⇒

DRACULA 21



• Nucl. Instr. and Meth. in Phys. Research A495(2002)121

  L.M. Pant et al 

  & references therein

• Nucl. Instr. and Meth. in Phys. Research A238(1985)347

  G.D.Westfall et al
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  J.M. Asselineau at al
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PC-Signal developmentPC-Signal development
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Axial symmetry
Cathode coaxial with the thin anode wire

Electric field:

Avalanche development around central thin anode:

F. Sauli, IEEE-NSS 2002 lecture 23



PC-Signal developmentPC-Signal development

- Close to the anode wire the field is high ~ some kV/cm

  ⇒ e- gain enough energy ⇒ further ionization

  ⇒ exponential increase of e--ion pairs

   dn = αndx

   n = n0e
α(E)x   or  n = n0e

α(r)x   α: first Townsend coefficient

                                                                 (e- - ion pairs/cm)

   α = 1/λ     λ:  mean free path

   M = n/n0 = exp [∫  α(r)dr] - Gain
rC

a

24



PC-Signal developmentPC-Signal development
Gas selection:

Dense noble gases – energy dissipation mainly by ionization –       
       
                                  high specific ionization 

De-excitation possible only via photon emission, e.g. 11.6 eV Ar 

This is above the ionization threshold of metals, e.g. Cu 7.7 eV !!!

25



PC-Signal developmentPC-Signal development

⇒ new avalanches ⇒ permanent discharges !!!  

Add poly-atomic gases as quenchers  

Solution:  

Photons absorption in a large energy range 
(many vibrational and rotational energy levels)

Energy dissipation by collisions or dissociation 
into smaller molecules

26



PC-Signal developmentPC-Signal development

Methane – absorption band 7.9 – 14.5 eV 

27



PC-position sensitivePC-position sensitive

Applied Radiation and Isotopes 52(2000)943

D. Ohsawa et al.
28



PC-position sensitivePC-position sensitive

cathode signals (upper plane)

cathode signals 
                    
(lower plane)

lower cathode plane

upper cathode plane
anode signals
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)
1 wire plane + 2 segmented cathode planes

analog readout of cathode planes ⇒ σ  ≅  100 µ m 
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PC-ExamplesPC-Examples

DRACULA experimental device

Position sensitive   - resistive anode wire 
                                         - charge division method

Ni-Cr 12 µm wire - ~10 kΩ/m

• position resolution FWHM ∼  300 
µ m

   (241Am - Eα=5.479 MeV)

• Energy resolution FWHM 15.7%

   (55Fe X ray – 5.9 keV)
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PC-ExamplesPC-Examples

DRACULA experimental device

19F+27Al  Elab=111.4 MeV X-ray,  55Fe E=5.9 KeV

Z=9Z=9

Z=2Z=2
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DC-ExamplesDC-Examples

DIOGENE – Pictorial Drift Chamber

Drift cell

Sector structure

Nucl. Instr. And Meth. A261(1987)379 32



DC-ExamplesDC-Examples

33



DC-ExamplesDC-Examples

FOPI CDC

Up  =  -1.5 kV
Usw =   0.0 kV
Uk   =-15.0 kV

Real - mirrored trajectory discrimination

34



DC-ExamplesDC-ExamplesFOPI CDC

     Bρ  ∼  Mv/q
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DC-ExamplesDC-ExamplesFOPI 

36



TPC-ExamplesTPC-Examples

STAR TPC

IEEE 44(1997)671 37



TPC-ExamplesTPC-ExamplesALICE TPC Outer containment volume

Inner containment volume

End-plate
Central 
electrode

Read-out chamber

https://edms.cern.ch/document/398930/1 38



TPC-ExamplesTPC-Examples

ALICE TPC
39



TPC-ExamplesTPC-Examples ALICE TPC

Pb+Pb 5.5 TeV Laser tracks Cosmic shower

GEANT

p+Pb 5.02 TeV Pb+Pb 2.76 TeV

Real collisions

40



TPC-ExamplesTPC-Examples ALICE TPC

p+Pb 5.02 TeV

Example of PID performance of 
ALICE ITS subdetector

Example of PID performance of 
ALICE ITS subdetector
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Low pressure PPAC-ExamplesLow pressure PPAC-Examples

Useful gap 

λ
E x

cloud chamber-avalanche chamber:

H. Raether
Electron avalanches and breakdown in gases
(Butterworth 1964)

€ 

dn=nαdx

€ 

n(x)=n0e
αx

€ 

M(x)=n

n0
=eαx

- Multiplication factor or Gain

F. Sauli lecture IEEE-NSS 2002 42



Low pressure PPAC-ExamplesLow pressure PPAC-Examples

How to measure the Townsend coefficient ?

Radiation

V 

I 

1

M

€ 

α=lnM

s

s

F. Sauli lecture IEEE-NSS 2002 43



Low pressure PPAC-ExamplesLow pressure PPAC-Examples

in Argon

A. Sharma and F. Sauli, Nucl. Instr. and Meth. A334(1993)420 44



Low pressure PPAC-ExamplesLow pressure PPAC-Examples
-Two thin metalized foils - parallel to one other
                                         - close distance – 1-2 mm
                                         - strong homogenous electric field ~ 500 V/mm
                                         - 5 – 10 torr gas pressure
                                         - ⇒ very high reduced field strength E/p 
                                                 (several hundred V/cm·torr)
                                         - ⇒ FWHM ~ 180 psec ⇒   ∼  7 5  psec

700 V

0 V

Cathode 
(gas window)

Cathode 
(gas window)

Anode plane

X wire plane

Y wire plane

0 V

- 800 V

Structure of a position sensitive PPAC
- 800 V

Nucl. Instr. and Meth. in Phys. Research A481(2002)160 45



PPAC-ExamplesPPAC-Examples

DRACULA experimental device

dE/dx ∼  MZ2/E

v2 = 2E/M

Start

Stop

19F+27AlElab=111.4 MeV

46



PPAC-ExamplesPPAC-Examples

Kinematic coincidence set-up UNILAC

- ToF

- Position information ⇒ flight path

   V (mi ) (i=1,4)

⇒

→
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PPAC-ExamplesPPAC-Examples

Kinematic coincidence set-up UNILAC

PPAC – position sensitive

BG-IC

HIPO

48



Pestov Counter
Single Cell RPC

MGRPC - pad 
rows readout

Y.V.V. Pachomchuck et al. , 
Nucl. Instr. And Meth. A 
93(1971) 269

P.Fonte et al.,

 CERN-EP

 27/9/99

ALICE 
TOF - TDR  
CERN / 
LHCC 

2000-12 

Advantages:
-Very  good  σt (~25 ps)

- Position information: x, y
Drawbacks:
- high pressure operation
- tails in the time spectrum
- needs special glass

Advantages:
- Very  good  σt (~44 ps)

- commercial glass
- 1 atm pressure operation 
Drawbacks:
- edge effects
- unrealistic for large area 
configuration
 

Advantages:
- Very  good  σt (~60 ps)

- commercial glass
-1 atm pressure operation
Drawbacks:
- edge effects, cross talk
- no position information 
over the pad sizes; tracking 
device is needed for position 
dependence correction

RPC-ExamplesRPC-Examples
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•Amplitude measurements

 FEE

   -  Fast Charge Amplifier + Shaping 

      Amplifier (0.25 µ  s)

Digitization

  -  Ortec AD811 ADC

First prototype , 30 cm length, built and tested in 2000 with 60Co source

•Time measurements
   FEE
   - FTA (GSI 80’s generation) +CF4000 
        Discriminator
   Plastic scintillator (NE102)
   - XP2020 PM+   - CF4000  Discriminator
  Digitization

   - LeCroy 2228A TDC

- commercial glass
- atmospheric pressure operation 
- position information: x, y

RPC-ExamplesRPC-Examples

NIHAM 50



σ = 93 ps

σ = 90 ps

30 cm length 
prototype

90 cm length 
prototype

σ = 125 ps

Plastic 
scintillator

  FEE
FTA420

   FEE
 FTA810

RPC-ExamplesRPC-Examples

NIHAM 51



RPC-ExamplesRPC-Examples

52

A. Schüttauf et al. NIM, A533(2004)65
M. Kiš et al, NIM, A646(2011)27



RPC-ExamplesRPC-Examples

- M.Petrovici et al., NIM 487A(2002)337

 - M.Petrovici et al., NIM 508A(2003)75

FOPI

Example of PID performance of 
ALICE TOF subdetector⇐

53



High counting rate RPC-ExamplesHigh counting rate RPC-Examples
Compressed Barionic Matter (CBM) – Experiment @ FAIRCompressed Barionic Matter (CBM) – Experiment @ FAIR

•Interaction rate 107Hz (~1000 tracks/event)
•TOF wall at 10 m from 3º to 27º

 ⇒  large area (~150 m2) 
•Rate from 1 kHz/cm2 (27º) to 20 kHz/cm2 (3º)

 ⇒  large counting rate
•Hit density from 6·10-2/dm2 to 1/dm2

 ⇒ huge number of  cells for <5% occupancy

    

CBM Experiment Technical Status Report,
 Darmstadt, February 2005

http://www.fair-center.eu/for-users/experiments/cbm.html 54



Gap size  = 300 µ m
Single-ended – strip readout Pestov glass RPC 

Construction Details
Active area 300 mm x 40.6 mm

  - electron beam, 30 MeV, ELBE
  - signal amplification: FEE1 developed for FOPI at GSI 
  - electron beam, 30 MeV, ELBE
  - differential readout based on NINO chip
    developed within ALICE Collaboration 

Differential – strip readout Pestov glass RPC 

Towards higher granularity 

Float glass: 0.5 mm

2 x 5 gas gaps; 140 µ m thickness each gap

72 strips each side:

 2.54 mm strip pitch = 1.1 mm strip width + 1.44 mm gap width▲ BUCT1
  NINO Th=260mV 

▲ BUCT2
   NINO Th=160mV 
 

  - proton beam, 3.1 GeV, SIS

pitch: 2.54 mm, 1.10 mm width, 1.44 mm gap

 D. Bartos et al., 2008 Nuclear Science Symposium 
 19-25 October, Dresden, Germany
 M.Petris et al, NIM A661(2012)S129

High counting rate RPC-ExamplesHigh counting rate RPC-Examples
Compressed Barionic Matter (CBM) – Experiment @ FAIRCompressed Barionic Matter (CBM) – Experiment @ FAIR

 M.Petris et al, NIM A661(2012)S129

 M.Petris et al, NIM A661(2012)S129

D. Bartos et al., 2008 Nuclear Science Symposium 
19-25 October, Dresden, Germany
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High granularity, differential, strip read-out, 
multi gap, timing RPC

2 x 7 gaps – cross section
 High voltage electrodes for both polarities

Symmetric two stack structure, differential readout

Active area 46 x 180 mm2

Electrodes: float glass: 0.55 mm

2 x 7 gas gaps; 140 μm thickness each gap

Readout electrodes: 1 double sided anode + 2 single sided cathodes 

made from pcb with copper strips: 72 strips

 2.54 mm strip pitch = 1.1 mm strip width + 1.44 mm gap width

Electrodes: low resistivity glass: 0.7 mm (Chinese glass)

2 x 5 gas gaps; 140 μm thickness each gap

RPC3:
- strip structure high voltage 
electrodes for both polarities 
in contact with a resistive layer 

RPC5:
- strip structure high voltage
 electrodes for both polarities

RPC4:
- strip structure high voltage
 electrodes for both polarities⊕  high counting rate timing RPC

1011121314

12
13
14

2.5 mm

x

x=w
ln QL−1−ln QL+ 1

2( ln QL−1−2ln QL+ ln QL+ 1 )

where:

(ToT)Q
L 
= the charge of the most significant strip

(ToT)Q
L-1

 = the charge of the left adjacent strip

(ToT)Q
L+1

 = the charge of the right adjacent strip

404 μm 221 μm 452 μm

 M.Petrovici et al, 
JINST 7(2012)P11003
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Towards real geometry

2 x 7 gaps – cross section
 High voltage electrodes for both polarities

Symmetric two stack structure, differential readout

Active area 46 x 180 mm2

Electrodes: float glass: 0.55 mm

2 x 7 gas gaps; 140 μm thickness each gap

Readout electrodes: 1 double sided anode + 2 single sided cathodes 

made from pcb with copper strips: 72 strips

 2.54 mm strip pitch = 1.1 mm strip width + 1.44 mm gap width

Electrodes: low resistivity glass: 0.7 mm (Chinese glass)

2 x 5 gas gaps; 140 μm thickness each gap

RPC3:
- strip structure high voltage 
electrodes for both polarities 
in contact with a resistive layer 

RPC5:
- strip structure high voltage
 electrodes for both polarities

RPC4:
- strip structure high voltage
 electrodes for both polarities⊕  high counting rate timing RPC

CBM-TOF 
inner zone architecture

57



More details:More details:

CBM – Progress Reports:
http://www.fair-center.eu/en/for-users/experiments/cbm/cbm-documents.html

CBM – Collaboration Meetings:
https://indico.gsi.de/categoryDisplay.py?categId=134
Time table (Idico view) – especially TOF sessions

58

http://www.fair-center.eu/en/for-users/experiments/cbm/cbm-documents.html
https://indico.gsi.de/categoryDisplay.py?categId=134


SC-ExamplesSC-Examples

NA35 – SPS experiment
16O + Pb 200 GeV/u

UA5 – SPS experiment
pp collision -

Acta Physica Polonica B19(1988)307
H.G. Pugh

59



•  Liquid detectors:Liquid detectors:     - - Bubble chambers :Bubble chambers :

                                                                              - - super heated, above boiling point - liquid hydrogen
                                       - - nucleation centers are formed along the particles’
                                         trajectories
                                       - via a piston the pressure is slightly decreased,
                                         bubbles develop along the particle tracks
                                       - after a couple of msec, bubbles a large enough            
                                     that a flash photograph can be taken by several               
     
                                         cameras for stereo information
                                       - the piston moves back to collapse the bubbles and 
                                         prevent the boiling 
                                       - ~0.1 mm spatial resolution
                                       - bubble density ~ primary ionization 
                                         ⇒ Poison rather than Landau distribution with
                                                                                            long tail 
                                         ⇒ π and K separation up to ~0.9 GeV/c      
                                              and π and p up to ~1.6 GeV/c 
                                       -- 6 µ m space resolution can be achieved with          
                                         holographic recording for small chambers 

                                    60



•  Liquid detectors:Liquid detectors:     - - Bubble chambers (cnt’d):Bubble chambers (cnt’d): 

Performances:Performances:
                                       
                                 ⇒ π and K separation up to ~0.9 GeV/c      
                                       and π and p up to ~1.6 GeV/c 
                                 
                                 ⇒ 6 µ m space resolution can be achieved with          
                                         holographic recording for small chambers 

                                    

61



•  Liquid detectors:Liquid detectors:     - - Bubble chambers (cnt’d):Bubble chambers (cnt’d):
                                   
Drawbacks:Drawbacks:
                      
                                      - film measurement and event reconstruction is slow 
                           (this limits experiments to 105 to 106 events) 

                   - The sensitive period is quite long ⇒  the beam intensity 
                                                                                  must be limited

                   - ⇒ difficult to search for and study very rare events  
                   
                   -- the liquid in the chamber acts as target and detector
                     ⇒ bubble chambers cannot be used with modern 
                          colliding-beam machines. 
  

62



Stanford 1 m hydrogen bubble chamber, 8.8 GeV/c antiprotons 

Bubble chambers (cnt’d):Bubble chambers (cnt’d):

63



Liquid detectors (cnt’d):Liquid detectors (cnt’d): 
                                    

Vpositive ions ~ 6.1· 10-4 cm2V-1sec-1

Velectrons ~ 500 cm2V-1sec-1

⇒Relaxation time required

to avoid space charge effect

Liquid TPC
total absorption tracking calorimeter 

0.1 ppb O2

B ~⊥  E→ →
LANNDD – 70-kton 

Liquid Argon Neutrino and Nucleon Decay Detector

arXiv:astro-ph/0105442v1
64



Liquid detectors (cnt’d):Liquid detectors (cnt’d):   
                                

Simulation of electromagnetic showers of 2.5 GeV electrons 1T transverse magneticfield

µ LANNDD – 60x60x280 cm3, horizontal 38 cm drift 1-T magnetic field 65



http://www.hep.princeton.edu/~mcdonald/nufact/uL@CERN_LOI.pdfhttp://www.hep.princeton.edu/~mcdonald/nufact/uL@CERN_LOI.pdf

http://www.hep.princeton.edu/~mcdonald/nufact/bnl_loi/argonprop.pdfhttp://www.hep.princeton.edu/~mcdonald/nufact/bnl_loi/argonprop.pdf

http://neutrino.kek.jp/jhfnu/loi/loi_JHFcor.pdfhttp://neutrino.kek.jp/jhfnu/loi/loi_JHFcor.pdf
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• Semiconductor detectors Semiconductor detectors 

- velocity:  μe=1450 cm2/Vs, 

                  μh=505 cm2/Vs, 

- 3.63eV per e--h pair  ⇒ ~11000 e--h pairs/100μm of silicon.

- however: 

           - free charge carriers in Si @ T=300 K: n = 1.45 x 1010/ cm3 

           - only 33000 e--h in 300 µ m produced by a high energy particle⇒
Why do we use Si as a solid state detector ?  
                 

Silicon  
                 

67



• Semiconductor detectors Semiconductor detectors 

increase concentration of free electrons

⇒ reduces holes concentration

                    n-type silicon

current can flow due to movement of

                electrons and holes 

increase concentration of holes

⇒ reduces concentration of free electrons

                    p-type silicon

Eint

Reversed bias increases the 
barrier potential – more difficult 
for electrons and holes to diffuse 
across junction

68



• Semiconductor detectors Semiconductor detectors 

Double sided strip detectorDouble sided strip detector

Single detectorSingle detector

semiconductor ionization chamber

69



• Semiconductor detectors Semiconductor detectors 

Pixel detectorPixel detector

70



• Semiconductor detectors Semiconductor detectors 

semiconductor TPC

Drift detectorDrift detector

Silicon Detectors for Particle Physics
P. Hopman, 1997 IEEE NSS Short Course 
On Detectors for High Energy Physics

Example of PID performance of 
ALICE ITS subdetector
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•  Scintillator counters and photomultipliersScintillator counters and photomultipliers 

⇒⇒  PID, n-PID, n-γγ  discrimination, Time-of-Flight measurements discrimination, Time-of-Flight measurements

Scintillator counters are based on atomic and 
molecular excitations produced by the passing 
charged particle                   

De-excitation ⇒ emission of light – 
                 

”fluorescence” 
                 

- inorganic, i.e. NaI – doped with Thallium activator 

- organic, plastic – polystyrene or plexiglass (C5H8O2)n 

                             doped with wavelength shifter (WLS)
                             u.v photons ⇒ longer wavelength light 
                                                      greatly reduced absorption 

Photomultiplier:

Converts optical signal ⇒ electrical one   
          

72



Scintillator counters:Scintillator counters: reference time – start detectorreference time – start detector

73



  Scintillator counters:Scintillator counters: Time-of-Flight measurementsTime-of-Flight measurements

FOPI – Plastic Wall & Plastic Barrel

Nucl. Instr. and Meth. A324(1993)156
A. Gobbi et al. 74



•  Scintillator counters and photomultipliersScintillator counters and photomultipliers 

⇒⇒  PID, n-PID, n-γγ  discrimination, Time-of-Flight measurements discrimination, Time-of-Flight measurements

DRACULA

19F+27AlElab=111.4 MeV

252Cf

75



•  Magnetic spectrometers :Magnetic spectrometers :

Bρ B ~ mv/q

Po
si

ti
on

(A/Q)rel

Working principle:

•Lect.Notes Phys. 178(1982)80
•Ann.Rev.Nucl.Sci 25(1975)167 76



B. Coherent effects for charged particles:
 
• Cherenkov radiation and Cherenkov detectors: Cherenkov radiation and Cherenkov detectors: 

-Moving charge in dielectric medium

-Wave front comes out at certain angle

slow fast
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How many Cherenkov photons are produced ?

Cherenkov radiation and Cherenkov detectors: Cherenkov radiation and Cherenkov detectors: 

78



Cherenkov radiation and Cherenkov detectors: Cherenkov radiation and Cherenkov detectors: 

 Threshold Detectors
− Yes/No on whether the speed is β>1/n

 Differential Detectors

−  βmax > β > βmin

 Ring-Imaging Detectors
− Measure β

79



Cherenkov radiation and Cherenkov detectors: Cherenkov radiation and Cherenkov detectors: 

Threshold

Differential
80



Cherenkov radiation and Cherenkov detectors: Cherenkov radiation and Cherenkov detectors: 

Ring imaging detectors
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Cherenkov radiation and Cherenkov detectors: Cherenkov radiation and Cherenkov detectors: 

Complex geometry:

two radiators – one photon detector

Example of PID performance of 
ALICE HMPID subdetector
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B. Coherent effects for charged particles:

Transition Radiation Detectors (TRD)Transition Radiation Detectors (TRD)

similar with:

B.Dolgoshein, NIM A326 (1993) 434
P. Piot, PHYS 571 – Fall 2007
Chitrlada Settakorn, SLAC-Report-576, August 2001
X1-Experiment – Mainz
R. Agustsson, UCLA Part.Beam Phys. Lab.

- TR is created when a charged particle crosses boundary of different dielectric constants 

- fields have to be reajusted
  ⇒   some are emitted as TR
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B. Coherent effects for charged particles:

Transition Radiation Detectors (TRD)Transition Radiation Detectors (TRD)

I = mγ  = m/(1-β 2)1/2 - intensity of produced TRD

θ  = 1/γ   - angular distribution

E ≅  (2/3)αγ ħω plasma  - total energy radiated by a single foil

<N> ≅  αγ ħω plasma/ (ħ<ω >) – the average number of radiated photons

 -fine structure ct. - 1/137
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B. Coherent effects for charged particles:

Transition Radiation Detectors (TRD)Transition Radiation Detectors (TRD)

- periodically arranged of large number of foils – gaps

         lithium, polyethylene or carbon

- randomly spaced radiators

         foams, granules or fibre mats

  Radiators:

85



TRD-ExamplesTRD-Examples

ALICE 86



TRD-ExamplesTRD-Examples

ALICEhttp://www-alice.gsi.de/trd 87



TRD-ExamplesTRD-Examples

Purpose:

- electron ID in central barrel p>1GeV/c 

Parameters:

- 18 supermodules segmented in

            6 layers, 5 stacks

- 540 modules ~ 750m2 

- Lenghth: 7m

- X/X0 ~ 15%

- 28 m3 Xe/CO2 (85:15)

- 1.2 million channels

- 15 TB/s on-detector badwidth

ALICE 88



TRD-ExamplesTRD-Examples

ALICEhttp://niham.nipne.ro/detlab4.html 89



High counting rate TRD-ExamplesHigh counting rate TRD-Examples

NIHAM

Readout electrode

pad size: 5 x 10 mm2

90



High counting rate TRD-ExamplesHigh counting rate TRD-Examples

NIHAM

High Counting Rate Effect
Xe,CO2(15%), p-1.5 GeV/c

⇒ 1800 V, foils,  ~ 0.7 % π  rejection

20/500/120 ⇒ 20/200/220, 1.4 better

log(pe/pπ  )

Nucl. Instr. and Meth. in Phys. Research A579(2007)961
Nucl. Instr. and Meth. in Phys. Research A581(2007)406
Nucl. Instr. and Meth. in Phys. Research A585(2008)83
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≈ 1 % with 6 TRD layers for 
Reg2 in front of TRD3

@ p = 3 GeV/c

@ p = 3 GeV/c

(27.7+
0.2)x20-0.2=

557.8 m
m

(7.3+0.2)x72-0.2=539.8 mm

High counting rate TRD-ExamplesHigh counting rate TRD-Examples
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across the pads

along the pads

~1.6 mm

~420 μm

x-y position reconstruction

High counting rate TRD-ExamplesHigh counting rate TRD-Examples

M. Tarzila et al., https://indico.gsi.de/conferenceOtherViews.py?view=standard&confId=2054 93



More details:More details:

CBM – Progress Reports:
http://www.fair-center.eu/en/for-users/experiments/cbm/cbm-documents.html

CBM – Collaboration Meetings:
https://indico.gsi.de/categoryDisplay.py?categId=134
Time table (Idico view) – especially TRD sessions

High counting rate TRD-ExamplesHigh counting rate TRD-Examples

CBM-TRD
inner zone architecture

94

http://www.fair-center.eu/en/for-users/experiments/cbm/cbm-documents.html
https://indico.gsi.de/categoryDisplay.py?categId=134


Electromagnetic CalorimetryElectromagnetic Calorimetry

-electrons undergo bremsstrahlung producing photons 

-photons undergo pair production ⇒ electrons and positrons

OPAL lead glass 80 GeV electrons 95



Hadronic CalorimetryHadronic Calorimetry

Involved processes:

 - spallation 
   (most probable for high energy hadrons)

 - core excitation

 - production of mesons 
(->decay into two photons->em shower)

 - fission

intra-nuclear cascade

(spallation) ~ 10-22s)

ionization 
~ 0.5 ns

ionization 
~ 0.5 ns

intra-nuclear cascade

intra-nuclear cascade

(spallation) ~ 10-22s)

Heavy ion
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CalorimetryCalorimetry

-Homogeneous Detectors:
   - lead glass (55% PbO, 45% SiO2),  radiation length of 2.36 cm 
      resolution σ/E is about 5%/E1/2 ([E] GeV)
   - sodium iodide crystals,  radiation length of 2.6 cm
      resolution  σ/E of about 1.5%/E-1/4 
   - crystal calorimeters, i.e. BGO

-Heterogeneous or Sampling Calorimeters Detectors:
medium responsible for the showering is separate from that used in detection – sandwich 

alternate high-Z passive layer of converter, i.e. lead (X0 of 0.56 cm) 
                                                                 and 
                                                  active detecting layers:

                                                  - plastic scintillator
                                      - liquid ionisation chambers

                                                  - proportional wire chambers  
                                          σ/E ~ (5-15)%/E1/2

shower
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C. Interaction of electrons and photons with matter:

•  BremsstrahlungBremsstrahlung

•  Photo-electric effectPhoto-electric effect

•   Compton scatteringCompton scattering

•   ee++ee-- pair production pair production

IEEE 1(2007)536 98



C. Gamma ray spectrometry:

ε   ∼ 10 —7 %
( Mγ=1 —Mγ=30)

99



C. Gamma ray spectrometry:

Gamma ray tracking principle

Compton shielded Ge

Ge sphere

Ge tracking array

100



C. Gamma interaction/reconstruction mechanisms:

Photoelectric Compton scattering Pair production

                  ~ 100 keV             ~ 1 MeV            ~ 10 MeV     γ -ray energy

   isolated hits                angle/energy                     patern of hits

Highly segmented  
               HPGe 
detectors

Pulse shape 
analysis (x,y,z,E,t)

Track 
reconstruction
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C. Gamma interaction/reconstruction mechanisms:

Improved resolution for fast moving source v~0.5c

AGATA

EUROBALL  
Crystal Ball
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A few examples of exprimental dvices based 
on the detection and identification methods 

presented above
2002

1999

1987

1984

1981

LNS

NIPNE
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DRACULA device
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Kinematical coincidence experiment - UNILAC
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CHIMERA – LNS  

a 4  experiment based 
on Si & CsI telescopes
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A 4  experiment based on PPAD, IC and plastic scinillators GANIL
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AMPHORA - SARA
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4  MiniBall - NSCL
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4  Detector - Bevalac
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4  Detector – DIOGENE - Saturne

111



                     GAMMASPHERE
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AGATA Demonstrator

1 symmetric cluster
4 asymmetric clusters
36-fold segmented crystals
540 segments
555 digital-channels
Eff. 3 –8 % @ Mγ= 1
Eff. 2 –4 % @ Mγ= 30
Full ACQ
with on-line PSA and γ-ray 
tracking
Operational in 2007
Cost ~ 5 M€ 
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FOPI
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ALICE @ LHC

HMPID

Muon Arm

TRD

PHOS

PMD

ITS

TOF

TPC

Size: 16 x 26 meters

Weight: 10,000 tons
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CBM @ FAIR
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 Space-time Evolution of the Collision

e
γ

space

time jet

Pre-equilibrium

PbPb

→
  E

xp
an

sio
n 

 →
 

Hadronization 

p K π φ

Freeze-out

Λµ

QGP

γ e



DRACULA

CHIMERA

FOPI

ALICE

CBM
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✩
hS
T
A
R

SPS: Fixed Target
Pb at 158 AGeV 
(Ec.m.=17.3 AGeV)

RHIC: Collider

Au+Au 200 AGeV      SIS
LHC: Collider

Pb+Pb 2760 AGeV 

Bevalac

Fixed Target
1–2  AGeV

Dedicated Facilities

FAIR: Fixed Target
(Ec.m.=2.7-8.3AGeV)

RHIC BES: Collider

AGS: Fixed Target
Au at 11.7 AGeV 
(Ec.m.=4.86 AGeV)

NICA: Collider
(Ec.m.=4-11 AGeV)

⇒

LHC: Collider

Pb+Pb 2760 AGeV 

RHIC: Collider

Au+Au 200 AGeV 

UNILAC
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