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Instrumentation for High Energy Particle and Nuclear 
Physics

Will cover three points:  
1. The major R&Ds directions for detectors for high energy particle and 

nuclear physics … being biased towards particle physics experiments and 
CERN related activities (and not complete of course) 

2. The Norwegian programme – we have a 5 year programme with the title 
above

3. Program for next 2 days – how it fits into the large picture above
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Instrumentation for High Energy Particle and Nuclear 
Physics
At least five major detector R&D directions today
− Vertex systems (the focus of these two days)
− Large silicon strip systems (the best examples being CMS and ATLAS)     
− New gas detector system (micro-pattern detectors)  - RD51                                 
− Photo-detection systems (for calorimeters and also Cherenkov systems)
− Trigger and Data Acquisition 

− The major R&D drivers are Linear Collider detectors and upgrade of LHC 
detectors – but there are many other detector systems (neutrino, flavour
studies, nuclear physics, astroparticle, etc) being planned, investigated or 
implemented 
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Arrangement of  detectors

Various detectors and 
combination of 
information can provide 
particle identification; 
for example p versus 
EM energy for 
electrons; EM/HAD 
provide additional 
information, so does 
muon detectors, EM 
response without 
tracks indicate a 
photon; secondary 
vertices identify b,c, 
τ’s; isolation cuts help 
to identify leptons 

From C.Joram
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Particle Physics Detector

> 100 Million Electronics Channels, 40 MHz ---> TRIGGER
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Cathode :A metallic cylinder  of radius b
Anode : A gold plated tungsten wire of radius a 
a = 10-5 m
b/a = 1000

The formation of signal can be understood as 
follows.  The electrostatic energy of the 
configuration is : 
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where C is the capacitance per unit length of the 
configuration and l is the length.
The potential energy of a charged particle at 
radius r is given by the charge times the potential : 
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The result is an equation for how the voltage 
(signal) changes when the particle moves in the 
electric field : 
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The different regions :

Recombination before collection.

Ionisation chamber; collect all primary charge. 
Flat area.

Proportional counter (gain to 106); secondary 
avalanches need to be quenched.
Limited proportionality (secondary avalanches 
distorts field, more quenching needed).

Geiger Muller mode, avalanches all over wire, 
strong photoemission, breakdown avoided by 
cutting HV.

Ionisation Detectors
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Signal induced by (mainly) the positive ions created near the anode.
Assume that all charges are created within a distance λ from the anode.
λ is of the order of  a few 10’s of µm  → v electron = v ion /100 which can be seen from the 
equations below setting in the correct values for a and b :
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Ionisation Detectors

Assuming a=0 and all the signal comes from the ions we can write:
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In modern fast ionisation detectors the electrons are used (faster) as well as the 
beginning of the ion signal.

For example if we use 5% of the signal with a gain 104 we still have a healthy signal 
compared to the noise – and we can operate mostly with the fast part of the signal 
(electrons) and differentiate away the tails ….

Ionisation Detectors
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s d l

Classic Multi-Wire Proportional 
Chamber (MWPC)
Typical parameters :

l : 5 mm
s : 2 - 4 mm
d : 20 mm

Still possible to calculate by hand (leave as 
exercise for you) :
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Ionisation Detectors
With these tools, we can now make :

Straw Tube 

Multiwire Proportional Chambers

Drift Chambers

Time Projection Chambers

Thin Gap Chambers

Jet Chambers

etc

From CERN-CLAF, O.Ullaland
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Signal formation in general terms

For ionisation detectors we used energy balance to look at how a voltage signal was 
created due to charge drifting in the device.
More general we have to use the Shockley-Ramo theorem for induced charge: 

The main message is that the signal is induced by the motion of charge after incident 
radiation (not when the charge reach the electrodes).

References: 
Appendix D in ref (7) or chapter 5 of Particle Detection with Drift Chambers, W.Blum
and L.Rolandi, Springer Verlag, ISBN 3-540-58322-X

For ionisation chambers it can be used to study not only the signal on the primary 
anode but also for the neighbours, or the cathode strips (if these are read out). For 
silicon detectors to study charge sharing between strips or pixels.
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GEM : Gas Electron 
Multiplier
Can be used as a 
detector on its own or as 
amplifier stage in 
multiple structure
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After 2000

New Technology: Micro Engineering & Technology
Wafer Post Processing (MEMS)
Continuation of Moore’s Law

Integrated Grid  TwinGrid

Slide from Harry 
Van Der Graaf
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1968: Wire chambers
Drift chambers

1968: first Si track detector

Gaseous trackers (proportional wire chambers) are limited in
- granularity
- counting rate (ion tail)
- ageing
- robustness (broken wires, sparks)

After 1985: gaseous inner trackers replaced by Si

1995 -1996 Invention of Micromegas and GEM solving
granularity & counting rate & robustness

2003 first pixel-anode readout MPGD (Moore’s Law!):
pushing granularity.

Slide from Harry 
Van Der Graaf
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From harry and ropelewski

Slide from L.Ropelewski
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Gossip: replacement of Si tracker

Slide from Harry 
Van Der Graaf
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For tracking, gas is a better detection material than Si:

- it is light
- primary electrons can simply be multiplied: gas amplification
- high electron mobility: fast signals, high count rates are possible
- gas can be exchanged: no radiation damage
- gas has a low εr: with small voxels the source capacity can be small (10 fF)
allowing fast, low-noise, and low-power preamps

- gas is usually cheap

- ageing: must be solved and must be understood / under control
- discharges/sparks: readout system should be spark proof
- diffusion: limits max. drift length

Slide from Harry 
Van Der Graaf
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RD51 
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Inorganic Crystalline Scintillators
The most common inorganic scintillator is 
sodium iodide activated with a trace 
amount of thallium [NaI(Tl)], 
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http://www.bicron.com.

Strong dependence of the light 
output and the decay time with 
temperature.

ScintillatorsFrom CERN-CLAF, O.Ullaland
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Parameters for some common scintillator materials

NaI has a light output of typically 40000 photons per MeV; keep in mind that 
light collection, and the quantum efficiency of the photo detector will 
reduce the signal significantly. 

The detector response is fairly linear.
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Physical principles of Hybrid Photo Diodes

Photo Multiplier Tube 

Silicon Sensor

Hybrid 
Photo 
Diode

p+

n+

n

+   -+   -
+   -

ΔV

photocathode

focusing 
electrodes

silicon
sensor

electron

Take one

Add

inside tube

Electron-hole pairs:
Kinetic energy of the 
impinging electron 
/ Silicon ionization energy

~ 20 kV; i.e 4 - 5000 
electron-hole pairs →
Good energy 
resolution

Remove dynodes and anode

Scintillators
From CERN-CLAF, O.Ullaland
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Photo-readout - SiPM
Everybody is talking about using SiPM – even Wikopedia
has information about them: 
Silicon photomultipliers are semiconductor photon sensitive 
devices build from an avalanche photodiode (APD) matrix 
on common silicium substrate. The dimension of each single 
APD (microcell) can vary from 20 to 100 micrometres
depending on the mask used, and their density can be up to 
1000 per millimeter square. Every microcell operates in 
Geiger mode and is decoupled from the others by a 
polysilicon quenching resistor. Even if the microcell works in 
a digital mode the SiPM is an analog device because all the 
microcells are read in parallel making possible to generate 
signals with a dynamic range from single photon to 1000 
photon per millimeter square. The supply voltage (Vb) 
depends on junction type and vary from a minimum of about 
25V up to 70V, this being 30 to 60 times lower than the 
voltage required by a traditional photomultiplier tube (PMT).

Typically specs for a SiPM:
− Total quantum efficiency is about 20% being similar to a 

traditional PMT
− Gain (G) is also similar to a PMT being approx. 10^6.
− G vs Vb curve is linear and not exponential like a PMT
− Time response is optimized to give an arrival resolution of about 

100 ps for single photoelectron
− Behaviour is independent from magnetic fields
− Dimensions permits extremely compact, light and robust 

mechanical design

R 50Ω

hν

pixel

Ubias

Al

Depletion
Region
2 μm Substrate

20μm
42μm
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Semi-Conductors

Intrinsic silicon will have electron density = hole 
density; 1.45 1010 cm-3 (from basic semiconductor 
theory).

In the volume above this would correspond to 4.5 
108 free charge carriers; compared to around 3.2 104

produces by MIP (Bethe Bloch loss in 300um Si 
divided by 3.6 eV).

Need to decrease number of free carriers; use 
depletion zone (reduce temperature would also help 
but one would need to go to cryogenic temperatures)
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Large silicon strip systems
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Semi-Conductors
At the moment silicon detectors are used close to the interaction region is most collider
experiments and are exposed to severe radiation conditions (damage).

The damage depend on fluence obviously as well particle type (π,γ,e,n,etc) and energy spectrum 
and influences both sensors and electronics. The effects are due to bulk damage (lattice changes) 
and surface effects (trapped charges). Three main consequences seen for silicon detectors (plots 
from C.Joram) :

(1) Increase of leakage current with consequences for cooling and electronics
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Semi-Conductors
(2) Change in depletion voltage, high at end of lifetime of detector; combined with increased   
leakage current this leads to cooling problems again

(3) Decrease of charge collection efficiency (less and slower signal)

Submicron electronics, the 
other key to success.

Integration/Commissioning of 
these large systems are 
currently the main challenge
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Instrumentation for High Energy Particle and Nuclear 
Physics – the Norwegian project 
Four independent subprojects with the following structure:
1. R&D for future silicon systems:

1. 3D sensors - A key collaborator is SINTEF for processing of 3D sensors
2. Electronics related to such sensors 

2. Technical student programme at CERN

3. ILO/TTO: Steinar Stapnes executes the contracts in close co-operation with 
the Norwegian Research Council 

4. CLIC

As you see these are focused on vertex systems 
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-

Schematics of 3D- and ordinary detector structures

Proposed by S.I. Parker, C.J. Kenney and J. Segal (NIM A 395 (1997) 328)

Called 3-D because, in contrast to silicon planar technology, have three 
dimensional (3-D) electrodes penetrating the silicon substrate

SINTEF/UiO are currently processing 3D structures for a group consisting 
investigation by a collaboration within Brunel Univ., Hawaii Univ., Stanford 
Univ. and CERN

depletion thickness depends on p+ and n+ electrode distance, 
not on the substrate thickness (1) can operate at very low voltages, (2) 
can have a high doping for ultra-high radiation hardness, (3) are fast and (4) 
can be active almost to the edge
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Motivation to develop a new pixel 
detector
− Radiation hardness improvement 

(leakage, reverse annealing issues)
− Decrease fabrication cost of pixel 

detector
− Develop a thin pixel detector
− Easy fabrication of large area devices

Concepts of silicon pixel detectors in 
HEP(CCD excluded)
− 1st Hybrid silicon pixel
− 2nd DEPFET Monolithic on high 

resistivity substrate, bulk or SOI
− 3rd MAPS Monolithic on CMOS wafer 

substrate
− 4th concept not yet exploited deposition 

of detector material film on ASIC

Today/tomorrow we will learn more 
about this

Hybrid pixel

DEPFET pixel

MAPS

CERN and semi-conductor systems 
Combine electronics and sensors 
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Advanced instrumentation – accelerator physics 
The goal is to participate in setting up a test beam line to prove the feasibility of the CLIC 
drive beam RF power generation.
The compact linear collider study at CERN aims to develop the technology for an electron-
positron linear collider with a centre-of-mass beam collision energy in the multi-TeV range. 
The concept is based on a two-beam scheme in which the RF power to accelerate the 
main beam is not produced by klystrons but rather by a low-energy, high-current drive 
beam. This drive beam is generated centrally and transported to the main linacs. Here, it is 
sent through a sequence of Power Extraction and Transfer Structures (PETS) in which the 
beam generates the RF power for the main beam. This process leads to a strong 
deceleration of the drive beam, which in conjunction with the high current and low energy 
could affect the beam stability and the power production efficiency.
In order to test the feasibility of the drive-beam generation and RF power production, the 
CLIC Test Facility 3 (CTF3) is under construction at CERN. It will also be used to 
benchmark the drive beam stability in the decelerator and compare experimental results 
with theoretical simulations. To this end, a Test Beam Line (TBL), which consists of a 
number of PETS, will be installed and tested with beam to produce up to 5 TWatts of RF 
power.
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Advanced instrumentation – Technical Students
The Norwegian Technical student program is currently very successful and we wish to 
continue it. The ambitions are to keep it at the level of 10-12 students yearly. From an 
initial investment of support for 3-4 months the students are typically extended by CERN 
to 12 months, and even 14 months in some cases. 

Name Period NFR/DGP Univ
Rune Andresen (16/01-05 - 15/01-06) 4 / 2 NTNU 
Havard Bjerke (01/01-05 - 15/07-05) 4 / 2 NTNU 
Andreas Braathen (16/01-05 - 15/01-06) 4 / 2 NTNU 
Martin Bugge Jensen (01/03-05 - 28/02-06) 3 / 3 NTNU 
Magnus Lieng (16/01-05 - 15/01-06) 3 / 3 NTNU 
Thomas Johansen (16/04-05 - 15/04-06) 3 / 3 HiB
Oyvind Ostlund (01/05-05 - 30/04-06) - / 6 HiB
Stian Erlend Forde (16/06-05 - 15/06-06) 3 / 3 HiB
Camilla Stenersen (01/05-05 - 31/12-05) 3 / 3 HiB
Christian Braten (01/01-05 - 31/08-05) 4 / 2 HiST
Thomas Rognmo (01/01-05 - 30/06-05) 3 / 3 HiST
Edel Roedsjoesaether (01/01-05 - 30/06-05) 3 / 3 HiST
Theodor Torgersen (01/07-05 - 30/06-06) - / 6 HiST
Martin Handzus (16/01-05 - 31/12-05) 3 / 3 HiM
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Vertexing and secondary vertices
This is obviously a subject for a talk on its own so let me summarize in 5 lines :
Several important measurements depend on the ability to tag and reconstruct particles 
coming from secondary vertices hundreds of microns from the primary (giving track 
impact parameters in the tens of micron range), to identify systems containing b,c,τ’s; i.e 
generally systems with these types of decay lengths. 

This is naturally done with precise vertex detectors where three features are important :
• Robust tracking close to vertex area
• The innermost layer as close as possible
• Minimum material before first measurement in particular to minimise the multiple 

scattering (beam pipe most critical).

The vertex resolution of is therefore usually parametrised with a constant term 
(geometrical) and a term depending on 1/p (multiple scattering) and also θ (the angle 
to the beam-axis).

Secondary          x

Primary           x         
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The DELPHI Vertex Detector

K0 and Lambda 
reconstruction 

Reconstructed B decays 

Vertex detectors
From CERN-CLAF, O.Ullaland
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LHC R&D
Some of the ongoing R&D (from 
C.Joram)

These examples are focused on 
LHC with high irradiation

For ILC the focus is more on 
granularity, radiation lengths, 
etc 
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These two days – focus on detectors close the interaction 
region 

Locals:
New detectors close to the interaction point, 3D sensor development 
and some results for 3D sensors (Hansen and Bolle)
Electronics developments for particle physics and medical imaging 
systems (Østby and Nygaard)
Tracking and pattern recognition (Strandlie)

Integration: 
How do we integrate detector and electronics in a reliable way – now 
and in the future (Ehrmann)
What are the requirements and goals of the ILC vertex system 
development (Haas) 

Plus visit of labs, dinner, and maybe a lunch or two …


