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Background: CBM @ FAIR
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Reaction rate: 10MHz Au + Au !
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Outline

History

Timing applications

Timing counter types 

Plastic scintillator 

MRPC counter

Diamond beam counter
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Nobelprize in Physics 1954

"for the coincidence method and his discoveries made therewith"

born 1891
died  1957

1908 – 12  Study of Physics at the University of Berlin

1913 – 29 Physikalisch – Technische Reichsanstalt, 
Berlin

1929      Extraordinary Professor, Berlin

1930 – 32 Professor of Physics, Giessen

1933 – 57 Director of the Institute of Physics and
Max Planck Institute for Medical Research,
Heidelberg

Walter Bothe
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First coincidence circuit

Detector 1 Detector 2

Amplifier1 Amplifier2

Coincidence
unit

Timing resolution: ∆t ≈ 𝟎𝟎.𝟏𝟏 ms
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Timing  applications in Nuclear and Particle Physics

Event definition 

Particle Identification 

Direction measurement 
Cosmic air showers, 
Cerenkov cone of charged particle in neutrino detectors

TOF – PET

T0 – measurements of particle beams 

Spectroscopy in Neutron scattering

…
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Particle identification (PID)
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Time – of – Flight Method 

B - field

Typical Setup Tracking in magnetic field measures momentum.

Additional measurement of velocity allows
determination of particle mass.
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PID reach with TOF

Flight Time difference after a pathlength of 1 m
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PID with TOF

M. Kis et al. (FOPI), NIM A 646, 27 (2011)

Ni+Ni
Ebeam=1.91AGeV

A. Akindinov et al. (ALICE), EPJ Plus 128 (2013) 44

L ~ 4 m L ~ 1.2 m
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TOF mass resolution

Here: c=1
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Neutrino detection
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Direction Measurement

muon event (603 MeV)

observation of clean Cherenkov
ring with sharp edges
flight direction from
timing measurements
blue: early, red: late
energy from amount of light
observed in PMs

Super – Kamiokande Event Display
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2n
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Timing application for photon detection 
TOF - PET

Spatial resolution: 

x = 1
2𝑐𝑐(𝑡𝑡1−𝑡𝑡2)

𝜎𝜎x=1
2c σt

1 ns ↔   15 cm
100 ps ↔  1.5 cm
10 ps ↔  1.5 mm

C.Degenhard, A.Thon,
Physik Journal 6(2007)23

Noise Equivalent 
Countrate (NEC)

1.6
TOF

noTOF x

NEC D
NEC σ

≈
⋅

with object size D
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Timing techniques and counters

Generalities 

Scintillators with PMT (SiPM) readout

Gas counters (MRPC) 

Diamonds
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Measurement of Arrival Time 

Signal
Generation 

Signal
Propagation

Preamplifier
Photon Detector

Time to Digital
Converter

2 2 2 2 2
t generation transport conversion digitizationσ σ σ σ σ= ⊕ ⊕ ⊕

Synchronization 
System / Clock
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Example: plastic slat counter

PMPM

1) Ionization by Bethe-Bloch, scintillation process with decay time τ ~ 2 ns

2) Photon propagation, refractive index n = 1.58 

3) Light conversion in photomultiplier with transient time spread 

4) Discrimination for varying pulse heights (walk or slewing correction needed)

5) Digitization with clock synchronization 

Disc TDCDiscTDC

Note: 
Timing resolution in single ended readout is limited by plastic size: 𝜎𝜎𝑡𝑡 = 𝐿𝐿 � 𝑛𝑛/(𝑐𝑐 12)
Double sided readout: ( )1
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Signal Generation in Plastic Scintillators

Fast energy transfer via non-radiative dipole-dipole interactions (Förster transfer).
→ shift emission to longer  wavelengths
→ longer absorption length and better matching to photocathode efficiency

Organic scintillators (plastic, liquid) use a solvent 
+ large concentration of primary fluor
+ smaller concentration of secondary fluor
+ ......

S0A 

S3A 

S2A 

S1A

A Solvent

B fluor

C fluor
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abs. length: 10-8m 10-4m 1 m 
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Properties of Plastic Scintillators

* Nuclear Enterprises, U.K.

** Bicron Corporation, USATypical numbers:
Energy deposition of MIP in 1 cm plastic (Bethe – Bloch)  

∆E ~ 1.7 MeV
⇒ ~ 50.000 photons

However, only directly propagating ones contain relevant timing information!
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Light propagation in plastic slat / fibre
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Impact on light propagation on timing

M
. K

uhlen
et al., N

IM
 A

301(1991)223

Timing information is carried by the early photons.
→ design systems with well defined propagation path length.
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Photosensors
PMT Micro channel plate (MCP)

∆V 10-20 kV 

∆V

photocathode

focusing 
electrodes

silicon
sensor

electron photo cathode + p.e.
acceleration + silicon 
det. (pixel, strip, pads)

Hybrid photo diodes (HPD)

key feature for timing
path length variation from
photoelectrode to first dynode
→ transient time spread 
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Photon detection
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Commercially available timing sensors (PMT, MCP) with suitable rise times (< 1 ns)
are very expensive: ~ 1000 € / channel
except for PPD (SiPM)
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Solid State Photosensors: SiPM
Silicon – Photomultiplier

(APD in Geiger mode)

Working principle:

Presenter
Presentation Notes
Check! ILC – application,http://pt.desy.de/e509/e554/e1021/e1094/Bonn-HEP-2005_Desch.pdf?preview=previewhttp://www.slac.stanford.edu/pubs/icfa/fall01/paper3/paper3.pdf
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Timing Characteristics of SiPM

• Fast Geiger discharge development
< 500 ps

• Discharge is quenched by current limiting 
with polysilicon resistor in each pixel 
I<10µA

• Pixel recovery time 
~ CpixelRpixel=100 - 500ns 

t, ns

Low noise, high bandwidth electronics required
/

threshold

noise rise
t

S

t
dS S N
dt

σσ = ≈
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Plastic & SiPM

A. Stoykov et al., NIM A 695 (2012) 202

Scintillators coupled to 
Hamamatsu MPPC
S10362-33-050 
(3 x 3 mm2, 3600 pixel) 

Achieved time resolution: as good as for PMT! 18 / /1 MeVt ps Eσ =
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Electron TOF counter with Plastic & SiPM

P.W. Cattaneo et al. (MEGII), arXiv:1402.1404v2 [physics.ins-det]
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Neutron TOF counter with Plastic & SiPM
T.P. Reinhardt et al. (R3B), NIM A816 (2016) 16

Performance better than with PMT 
(although not all the area was covered with sensors)

Efficiency: 99 +/- 1 %
Timing resolution:      σt = 136 +/- 2 ps

Test beam results with
30 MeV e- @ ELBE



N.Herrmann, Uni Heidelberg 04/04/2016

Timing with Gas Counters

Problem: 
“slow” drift of electrons from primary ionization 
to amplification region
vdrift ~ 10 µm/ns

cathode

cathode

anode

cathode

anode

Concept:
detect avalanches directly, 
large E-field in whole detector volume
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Electron multiplication
Cloud chamber picture of electron 
avalanches in parallel plate counter 
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�𝑛𝑛 - average electron number
�̅�𝑝 - average positive ion number

α – Townsend coefficient

η – attachment coefficient
(electron can get attached
to an atom forming a negative ion)

W. Legler, Z. Naturforschung 16a, 253 (1961)
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Multi-gap Resistive Plate Chamber

Signal electrode

Cathode -10 kV

Anode 0 V

Signal electrode

(-2 kV)

(-4 kV)

(-6 kV)

(-8 kV)

floating resistive glass 
electrodes with gas gaps
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Avalanche  growth
W. Riegler, C. Lippmann, R. Veenhof

NIM A500 (2003) 144

IMONTE calculation: S. Biagi (CERN)

Operating point:

E=100 kV/cm

αeff = 100 / mm

Over a distance of 0.2 mm
a single electron would generate 
5 . 108 electrons  (Q=80pC).

However: space charge effects!
Raether limit:  multiplication M < 10 8, αx < 20
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Stability of operation

(-2 kV)

Anode 0 V

(-4 kV)

(-6 kV)

(-8 kV)

Cathode -10 kV

-6.5 kV
Low E field - low gain

High E field - high gain

Avalanche gain dependence automatically corrects potentials on the resistive
plates – stable situation is ”equal gains in all gas gaps”
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Signal generation 
Mechanism: Induction

Ramo’s theorem:

Assume perfectly conducting electrodes:

with resistive elements;

W. Riegler, NIM A491, 258 (2002)
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Intrinsic timing resolution
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W. Riegler et al., NIM A500, 144 (2003)
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Time resolution  of single gap: Operating point:
E=100 kV/cm
αeff = 100 / mm
v = 200 µm/ns
=>  σt = 64 ps

Timing determined by crossing 
a discriminator threshold 
• sufficiently fast amplifier 
• low threshold,
• no saturation effects

( )v
thr( ) ti t Ae Aα η−= =

Probability to cross threshold at time t:
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Efficiency

x0

Induced charge has to pass threshold:

For single primary electron:

W. Riegler, NIM A 508 (2003) 14
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(λ is average distance of primary clusters.)

Single gap efficiency at operating point
ε = 80 %

→ multigap configuration needed.

Note: explicit dependence on α and η
-> gas mixture
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ALICE – TOF 
Features: 10 gas gaps, each of 250 micron width, 

built in the form of strips, each with an active area of 120 x 7 cm2, 
readout by 96 pads (each 2.5 x 3.5 cm2)

Timing depends on individual gap 
Efficiency depends on total gas gap (10x250 µm) 
Signal rise time ~100 ps, pulse height ~ 5mV @ 100 Ω ->  fast electronics: NINO chip 
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ALICE – TOF rate capability
Test of 220 micron 10 gap MRPC  at GIF 
CERN

Effective voltage : voltage applied across 
stack - voltage drop (due to current 
drawn by MRPC) 

Capability in excess of 1 kHz/cm2 

Excellent for resistive plate chamber

NOTE 
glass resistivity 1013 Ωcm in lab
Small average total charge (2 pC)

Nucl. Instr.Meth. A 490 (2002) 58-70
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ALICE – TOF  in beam performance
Track matching efficiency Time resolution

from pions with 0.95 < p < 1.05 GeV/c

Performance differs from test beam results,
… not  fully understood… 

A
. A

kindinov
et al. (A

LIC
E

), E
P

J P
lus 128 (2013) 44
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20 ps timing device
S. An et al., NIM A594, 39 (2008) 

24 gaps of 160 µm

10 ps resolution possible
with 10GHz oscilloscopes
as DAQ system 
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FOPI – MMRPC system

30     supermoduls,
150   counters,
4500 electronic channels, 
6 m2 active area

MMRPC TOF Barrel 

Multistrip – Multigap – RPC
Developed 2001 – 2005
Construction 2005 – 2007 
Operation 2007 - 2011

M. Kis et al. (FOPI), NIM A 646, 27 (2011)

Features:
8 gaps of 250 µm
length: 90 cm
pitch: 2.54 mm
Impedance: 50 Ω
16 readout strips per counter 
single ended readout 

Signal distributed on several strips
→ high demands on preamplifier
→ PADI chip development

Presenter
Presentation Notes
Worlds best performing multiparticle TOF system so far!
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FOPI-Resistive Plate Chambers (RPC) 

Multi-Gap-Strip-RPC

Gap-size: 250-300 µm
High voltage: ~3kV/gap
Length: 90 cm
Pitch: 2.54 mm

1. full size prototype,  Oct 2003

Performance:

σt=60ps!

Presenter
Presentation Notes
Vorteile: Robust, Strahlenhart, grosse Flaechen, ‘billig’, sehr gute Aufloesung, …Nachteile: Schnelle Elektronik
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Walk (slewing) correction

Measured correlation TOF vs. Charge

Mean deviation:
tmeas - texp

after correction
tmeas - texp

time

U

U1

Leading edge discriminator

Corrections done individually 
for each strip ( ~ 2400 )

Presenter
Presentation Notes
Different methods:QDCTime-over-threshold
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FOPI multi-strip response

Number of coincident strips

RMS of cluster times

Total charge of cluster

M. Kis et al. (FOPI), NIM A 646, 27 (2011)
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MMRPC timing resolution from RPC-RPC coincidences

RPC against start

σt = 82 ps 

RPC – RPC coincidences

σ∆t = 94.9 ps
↓

σRPC = 67.1 ps

(calibration AD-C-F)
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CBM – TOF Readout Electronics

σt = 20 ps

M
R

P
C

Data 
Processing 

Board

Preamplifier
&

Discriminator

Time to Digital 
Converter

ReadOut
Controller

CLK

PADI-FEE
FTDC-FEE

GET4-FEE

TRB3

SYSCORE V3

TRB3

M
R

P
C

SYSCORE V3

σt < 20 ps

σt = 17 ps

σt = 10 ps

Data preprocessing
Time slice building 
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T0 – Beam Counters

Favorable material parameter
• mechanical hardness
• high thermal conductivity
• Insensitive for visible light 
• No cooling needed
• No p-n junction needed
• Fast signal rise time 
• Radiation hardness

Single-crystal CVD diamond plate, max. size: 5×5 mm2, d=50,100,200,300µm 
Polycrystalline CVD diamond plate, max. size: 50×50 mm2, d=50,100,200,300mm

M. Ciobanu et al., 
IEEE Transactions of Nuclear Science, 58 (2011) 203

Key issue: fast electronics

/

threshold

noise rise
t

S

t
dS S N
dt

σσ = ≈
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Conclusions

Development of particle / photon counters for timing applications 
is a very active  field.

• enabled by fast large bandwidth electronics.

• approaches large scale 50 ps systems. 

• 10 – 20 ps achievable for small counters.
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Timing Photon Counters 
Need: fast scintillator 
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