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Plan

• Second lecture: intro, interaction of charged particles in matter


• Third lecture: interactions of photons in matter, scintillators


• Fourth lecture (this one):

• Photodetectors

• Interactions of other neutral particles in matter
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For high energy γ and e± (E >> mec2), showers look very similar:
• An interaction happens (on average) once per radiation length, predominantly:

• Bremsstrahlung (e± → e± γ) or pair production (γ → e+ e− )   
[quasi-spectator nucleon omitted]

• Both reactions are 1→2 for the EM shower particles (γ/e+/e−)
• So after t radiation lengths, N(t) ~ 2t particles, each of avg energy E(t) ~ E0/2t

• Shower stops at t=tmax, when E(t) falls below  
critical energy Ec needed to sustain it
• E(tmax) = E0 / 2tmax = Ec  

=>  tmax = ln(E0/Ec) / ln(2) ∝ ln(E0)
• N(tmax) = 2tmax = E0/Ec ∝ E0 -- and will be  

an ~ equal mix of e+, e−, γ => 1/3 photons

electron shower

photon shower

Electromagnetic showers

Electron shower in a cloud chamber with lead absorbers

Recap
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15 34. Passage of Particles Through Matter

the projected angular distribution, with an rms width given by Lynch & Dahl [40]:
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Here p, —c, and z are the momentum, velocity, and charge number of the incident particle, and
x/X0 is the thickness of the scattering medium in radiation lengths (defined below). This takes into
account the p and z dependence quite well at small Z, but for large Z and small x the —-dependence
is not well represented. Further improvements are discussed in Ref. [40].

Eq. (34.16) describes scattering from a single material, while the usual problem involves the
multiple scattering of a particle traversing many di�erent layers and mixtures. Since it is from a fit
to a Molière distribution, it is incorrect to add the individual ◊0 contributions in quadrature; the
result is systematically too small. It is much more accurate to apply Eq. (34.16) once, after finding
x and X0 for the combined scatterer.
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Figure 34.10: Quantities used to describe multiple Coulomb scattering. The particle is incident in
the plane of the figure.

The nonprojected (space) and projected (plane) angular distributions are given approximately
by [34]
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where ◊ is the deflection angle. In this approximation, ◊2
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plane,x + ◊2
plane,y), where the x

and y axes are orthogonal to the direction of motion, and dœ ¥ d◊plane,x d◊plane,y. Deflections into
◊plane,x and ◊plane,y are independent and identically distributed. Fig. 34.10 shows these and other
quantities sometimes used to describe multiple Coulomb scattering. They are
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Figure from PDG

MULTI PLE SCATTERING OI" 15.7 —MEV ELECTRONS 635

The arrangement can be described briefly as follows:
A monoenergetic 15.7-Mev electron beam was focused
upon a scattering foil. at the center of a scattering
chamber 20 inches in diameter. The converging cone of
electrons had a full angular width of about 1, and was
focused to a spot about 0.08 inch in diameter. The
scattered electrons were se1ected by means of a ~'~-inch
hole in a -„'-inch thick lead plate, placed about 10 inches
from the scattering foil, After passing through this
aperture, the electrons were deQected by an analyzer
magnet into a large ionization chamber. The exit port
on the analyzer was enlarged so that all electrons whose
energy was within 6 percent of the maximum energy
entered the ionization chamber.
The incident current was measured by means of a

faraday cage connected to a vacuum tube electrometer.
This current was maintained at a constant value
throughout the experiment. The scattered current was
measured by a vibrating reed electrometer connected
to the ionization chamber.
At small angles, it was necessary to remove the

faraday cage from the forward direction, since it would
have intercepted the scattered beam. This was done by
remote control, so that a measure of the incident current
could be obtained immediately before and after each
measurement of the scattered current.
Measurements of the angular distribution were made

on both sides of the incident beam for two gold and two
beryllium foils from 0' to 6', using the ~'~-inch aperture.
Measurements of the scattering from the gold foils were
extended from 6' to 30' with the larger aperture used
in the electron-electron scattering work (0.269X1.00-
inch). The scattering by the beryllium foils at the
larger angles was not measured, since the analyzer would
have excluded the electrons scattered by atomic elec-
trons, giving results which would not be directly com-
parable to measurements at small angles.
No corrections have been made for the angular width

of the incident beam, as this width was small enough
to have a negligible eBect on the observed distributions.

RESULTS AND COMPARISON WITH THEORY

The observed distributions of electrons scattered by
two gold foils are shown in Fig. i. The measurements
were made using the small aperture. The data were
normalized so as to present the fractional scattering per
unit solid angle in square degrees. The solid lines in the
figure represent the distribution calculated from the
theory of Moliere. It can be seen that the agreement in
the angular range given in the figure is very good. The
broken lines indicate how the first term of Moliere's
formulation, the gaussian function exp(—0'/Bx'),
deviates from the more complete theory.
The distributions represented by the solid line can,

however, be approximated quite accurately by a renor-
malized, slightly narrower gaussian which fits the experi-
mental results very well up to angles (w) where the
intensity is 1/e of the maximum. This 1/e width can be
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FIG. 1. Distribution of 1.5.7-Mev electrons passing through two
thin gold foils in the region from 0' to 6'. The solid lines represent
the theory of Moliere. The dotted lines represent the 6rst term
of Moliere, which is a gaussian having a width in agreement with
the older theories.

obtained from the theory and is given to a good approxi-
mation by

where

w= x,(B—1.2) l (spatial),
w= x,(B—0.7)& (projected),

(1)
(2)

x =AZ&/pao. (6)
For low Z, the Born approximation is valid and the dif-
ference between the two theories is slight. For high Z,

H. Snyder and W. T. Scott, Phys. Rev. 76, 220 (1949).

x,' = 47r.V(Z'+ Z) e'/p'v', (3)

y,'= (hZt/0. 885pao)'L1. 13+3.76(Z/137p)'] (4)

b 7eB/6B x 2/x 2

where 1V is the number of atoms/cm', p and v the
momentum and velocity of the incident electrons, and
ao——h'/me' is the Bohr radius of hydrogen. The effect
of electron-electron collisions is taken into account by
using Z'+Z instead of Z' in Eq. (3). Qb can be seen to
be proportional to the thickness and corresponds to
the number of collisions in passing through the foil.
It might be pointed out that the projected distribu-

tion given by Moliere is essentially the same as that
calculated by Snyder and Scott' if the number of col-
lisions is defined in the same way. Snyder and Scott's
expression for the number of collisions is defined by the
same equation if x is determined in terms of the Born
approximation solution to the scattering for exponential
screening, namely

Hanson et all, PRD 84, 634 (1951)
15.7 MeV electrons on thin gold foil

Dashed line: Gaussian

Non-Gaussian 
tail

• Finite width case is kind of a mess.
•For a thick absorber where many nuclear  

scatters expected, can model as Gaussian core (from many 
small-angle scatters) plus longer tails where angle is 
dominated by a single large-angle scatter.

•Track fitters need to allow for correlated fluctuations due to 
multiple scattering, e.g. using Kalman fitter.
• Note that this is different from hit measurement resolution, 

i.e. independent random errors.

Multiple scatteringRecap

Remark: e± are susceptible to large-angle scatters on nuclei, can even 
backscatter out of the detector! Effect worse for heavy (large-A) materials.



7

• Scintillator types:
• Inorganic crystals
• Organic scintillators
• Gases
• ... or even liquids (e.g. liquid Argon)

• Photodetectors:
• Photomultipliers (PMTs)
• Microchannel plates (MCPs)
• Hybrid photodiodes (HPDs)
• Silicon photomultipliers

Excitation/ionization  →  light  →  photo-sensor  →  electric signal

Incident

particles

Scintillators: Basic designRecap
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Photodetectors



9

• Goal: convert light into a detectable electronic signal
• Visible or near-visible light (not  or very soft photons)

• We have ways to detect visible light in everyday life  
(e.g. film cameras, CCD cameras, photoresistors 
and photodiodes, eyeballs)...

• ... but HEP experiments are more demanding. 
We often want many or all of:
• electronic readout
• rapid response, little deadtime
• linear response to many photons
• good time resolution
• good single-photon detection efficiency (for good overall energy resolution of 

scintillator+photodetector system)
• decent granularity, spatial resolution
• moderate cost per unit area instrumented

• How do we get there? 

γ

Photon detection

Considering only detection 
of visible photon spectrum
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• Goal: convert light into a detectable electronic signal
• Principle: Use photoelectric effect to convert photons to photoelectrons
• The four steps of the process:

• The primary charge carrier (pe, e/h) is produced
• The primary charge carrier is collected
• The primary charge carrier is multiplied/amplified or not (CMOS/CCD/PD)
• The secondary (or primary) charges are collected and read out

• Each process is modified by noise sources:

Considering only detection 
of visible photon spectrum

Photon detection
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Produce primary 
charge carriers

Collect primary 
charge carriers

Amplify charge 
carriers

Collect & read out 
amplified charge carriers

Remi Barbier, NDIP 2011

Photon detection

http://ndip.in2p3.fr/ndip11/AGENDA/AGENDA-by-DAY/Presentations/Tuto/Tut2-barbier.pdf
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• Fill Factor (FF), aka geometrical efficiency (εgeom): ratio 
between the sensitive surface area and the detector surface 
area

• Quantum efficiency (QE): #(photoelectrons) / #(photons)
• Collection Efficiency* (CE): probability to transfer the 

primary photoelectron (or charge carrier) to the amplification 
stage or readout channel.

• Multiplication Efficiency (ME): probability that 
amplification gives a detectable signal. Should be high.

• Photon Detection Efficiency (PDE), aka Detectable 
Quantum Efficiency (DQE): overall probability that a single 
photon gives a detectable output pulse

* Sometimes CCE: "charge collection efficiency"

DQE = PDE = (FF).(QE).(CE).(ME)

Photosensors: Key parameters
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Photosensors: Different types

http://ndip.in2p3.fr/ndip11/AGENDA/AGENDA-by-DAY/Presentations/Tuto/Tut2-barbier.pdf
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Photosensors: Different types

Today: detectors where the photon produces a photoelectron 
in a vacuum (e.g. via a thin foil), and the electron is then 
accelerated by an electric field and detected.

... or use a solid-state detector: the photon ionises an 
electron inside solid material. See semiconductor 
detectors lecture.

http://ndip.in2p3.fr/ndip11/AGENDA/AGENDA-by-DAY/Presentations/Tuto/Tut2-barbier.pdf
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Photosensors: Different types

http://ndip.in2p3.fr/ndip11/AGENDA/AGENDA-by-DAY/Presentations/Tuto/Tut2-barbier.pdf
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Photosensors: Different types

http://ndip.in2p3.fr/ndip11/AGENDA/AGENDA-by-DAY/Presentations/Tuto/Tut2-barbier.pdf
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Photosensors: Different types

These are not the only types of photodetector! But in this 
lecture we are focusing on PMTs (which you will see plenty 
of during the TL) and variants.


Inside big collider detectors, more compact, solid-state (i.e. 
silicon) photodetectors are often used (e.g. APDs) -- though 
also MaPMTs. PMTs still popular in cosmic-ray experiments 
(e.g. CTA) and neutrino detectors where space is less tight.

http://ndip.in2p3.fr/ndip11/AGENDA/AGENDA-by-DAY/Presentations/Tuto/Tut2-barbier.pdf
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Vacuum chamber

Principle:
• Electron emission from 

photocathode
• Secondary emission by 

multiplication from dynodes

Photosensors: Photomultipliers (PM/PMT)
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 Band model for alkali photocathode

Conversion via photoelectric effect:

Photocathode: thin deposit of 
material on the entry window 

3-step process:
• e− generation by photoelectric effect 
• Propagation/migration toward surface
• Escape of electron into the vacuum 

device (low work-function)

Photosensors: PMT photocathode



20

Typical QE: 10-40%

DQE = PDE = (FF).(QE).(CE).(ME)

Photocathode quantum efficiency

Remember: works by photoelectric effect, 
so there is a minimum energy needed, and 
cross-section drops rapidly with energy.
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Focusing electrode focuses the emitted 
electrons onto the first dynode.


Accelerating electrode (between the 
photocathode and the first dynode) 
looks like a wall with a small gate.

Typical CE: ~90%  
(but that may not be the whole story, 
e.g. time alignment/TTS spread)

Photocathode collection efficiency

DQE = PDE = (FF).(QE).(CE).(ME)
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Goal: multiply up a single incoming electron* into a 
measurable signal.
Want gain to be large and stable.
• Large: typically 106-108, to measure the signal easily and precisely
• Stable: for energy measurement (roughly, counting # photoelectrons)

* Or other charge carrier

PMT: Dynode chain
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Goal: multiply up a single incoming electron* into a 
measurable signal.
Want gain to be large and stable.
• Large: typically 106-108, to measure the signal easily and precisely
• Stable: for energy measurement (roughly, counting # photoelectrons)

* Or other charge carrier

PMT: Dynode chain

Dynodes made of semiconductors and 
insulators, deposited on a conducting 
material to ensure a constant E-field to 
accelerate electrons.
Three important material characteristics:
• High secondary emission factor (δ)
• Secondary emission stable under 

high currents
• Low thermal emission, i.e. low noise
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At each stage i in chain of n dynodes:
• Ni incoming electrons are all accelerated towards next dynode.
• They strike the next dynode, each producing on average (δ−1) 

more electrons, where δ ∝ Vk (for k ~ 0.7-0.8)
• => Ni+1 = δ Ni  => Ni ~ δi

Typical values: δ ~ 2-10; n ~ 6-15
=> Gain M = δn ~ 106-108

Statistical fluctuations in output  
for one PE driven by first step*:

Express same concept as Excess Noise Factor (ENF):

�E

E
=

1p
Nproduced at i=1

=
1p
� � 1

ENF = 1 +
�2
M

M2
= 1 +

1

�1
+

1

�1�2
+

1

�1�2�3
+ ... ⇡ �

� � 1

PMT: Dynode chain

* Simplifying a bit, but this is what dominates.
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25 Rémi Barbier,  NDIP 2011, Lyon, France, July 4-8  tutorial : photodetectors 

Part II: PMT – dynodes geometries 

PMT’s are sensitive to magnetic field even  
to earth field  Magnetic Shielding required  

Circular-cage:  
very compact 

Box-and-Grid: 
Good CE 
Slow 

Linear-focused: 
Small TTS, fast,  
Sensitive to magnetic  
field  

Venetian-blind: 
Good CE, Gain stability,  
Slow  

Fin-mesh: 
Fast, compact,  
Operate @ 1Tesla 
Low CE  

Metal Channel: compact high CE, 
operate in magnetic field 10 mT  

Numerous designs, such as:

Remi Barbier, NDIP 2011

PMTs are sensitive to 
magnetic fields (even 
Earth's ambient B-field, 
let alone high fields from 
detector magnets)
=> Magnetic shielding 
required.

PMT: Dynode chain designs

http://ndip.in2p3.fr/ndip11/AGENDA/AGENDA-by-DAY/Presentations/Tuto/Tut2-barbier.pdf
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Energy resolution influenced by:
• Number of photoelectrons (Poisson statistics):

• PMT linearity: at high dynode current possible saturation by space 
charge effect IA ∝ Npe (3 orders of magnitude possible)

Ideal case:

For one photoelectron, related to ENF 
(excess noise factor) defined earlier:⇣ �

E

⌘

1 pe
=

p
ENFpe � 1

�

E
=

p
N�

N�
=

s
1

N�

PMT: Energy resolution

P (nobs, nexp) =
(nexp)nobs e�nexp

(nobs)!

� =
p
nexp
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PMT: Time resolution
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• Photon shot noise (Poisson fluctuations in photoelectrons)
• An electric current is the movement of discrete electric charges (Shot noise). 

Photoemission and secondary emission lead to statistical fluctuations*  
=> (σnoise)2 = 2 e ipk Δν. Noise from secondary emission (dynodes) is negligible.

• Dark current (electron shot noise)
• Even if no signal photons arrive, thermal excitation => electrons are occasionally 

generated at the cathode or one of the dynodes. They are accelerated and 
generate a current pulse too.

• This current is O(30 Hz per square centimetre of cathode area). Small stats => 
Poisson fluctuations.

• Johnson Noise (Electric Resistor Noise)
• Any resistor just sitting on the table generates a noise voltage across its terminals, 

which arises from the random thermal motion of electrons within it.
• (VJ)2 = 4 kB R T Δν, for VJ = RMS magnitude of the noise signal, T = temperature

• Afterpulses
• Residual gas/ions ejected from dynodes could follow electric field to photocathode 

or a dynode => afterpulse, typically 0.1 to 10 µs after the physical pulse.
• Stability (PMT ageing)

• Typically, the gain reduced by factor of 2 after delivered charge of ~300 Coulomb.

PMT: Some sources of noise & distortion

* where e is electron charge, ipk is DC current flowing, Δν is bandwidth in Hz over which the noise is considered.
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Advantages
• Linearity
• Fast
• Sensitive
• Internal amplification
• Low noise
• Price
• Simple to use
• ...

Disadvantages
• Spatial resolution
• Energy resolution
• Quantum efficiency
• Sensitive to magnetic fields
• Size
• ...

PMT: Summary
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Some other examples of photodetectors

See also the semiconductor lectures for silicon-based photodetectors
• CCDs (charge-coupled devices)
• APDs (avalanche photodiodes)
• SiPMs (silicon photomultipliers)
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MAPMT: large photomultiplier with 
complex dynode structure and 
segmented anode (multi-anode) at 
the base, usually in a grid.
Many readout channels.
Allows much finer position 
resolution (~ mm).
Caution:

• photons arriving at an angle.
• magnetic field

9.1    Multianode Photomultiplier Tubes 169

9.1 Multianode Photomultiplier Tubes

9.1.1 Metal channel dynode type multianode photomultiplier tubes

(1) Structure

Figure 9-2 shows the electrode structure for metal channel dynodes and the associated electron trajecto-
ries. Compared to the other types of dynodes, metal channel dynode type multianode photomultiplier tubes
feature very low crosstalk during secondary electron multiplication. This is because the photoelectrons
emitted from the photocathode are directed onto the first dynode by the focusing mesh and then flow to the
second dynode, third dynode, . . . last dynode and finally to the anode, while being multiplied with a
minimum spatial spread in the secondary electron flow.

The overall tube length can be kept short because the metal channel dynodes are very thin and as-
sembled in close-proximity to each other.

PHOTOCATHODE

METAL CHANNEL
DYNODES

MULTIANODE

FOCUSING MESH

THBV3_0902EA

Figure 9-2: Electrode structure and electron trajectories

Multianode photomultiplier tubes using metal channel dynodes can be roughly classified into two groups.
One group uses a matrix type multianode and the other group uses a linear type multianode.

© 2007 HAMAMATSU PHOTONICS K. K.
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Multi-Anode PMT (MAPMT)



Schematic 
structure

Principle of multiplication

MultiChannel Plates (MCPPMT)

32
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• Gain:
• Single stage: G ~ 103 to 104

• Dual MCP: G ~ 106 to 107

• Temporal resolution:
• Ultrafast devices
• Low transient time ~ 1ns
• Transient Time Spread ~ 50 ps
• Sub-ns rise and fall time
• Example: 30 ps resolution 

(Hamamatsu R3809)
• But: needs several kV.

MultiChannel Plates (MCPPMT)



34

PMTs vs some silicon photomultipliers

Just for reference -- don't worry about the details now. This will make more 
sense after the semiconductor detectors lecture.
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Example: ATLAS tile calorimeter
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Example: HESS
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• We've talked about photodetectors for scintillators.
• But there are other HEP use cases for detecting optical 

photons, especially for:

• Cherenkov detectors (esp. RICH):
• You'll hear more about these in a later lecture
• Spatial resolution very important for RICH
• Time-of-flight detectors need great time resolution

• Cherenkov telescopes

• Optical telescopes & cosmology

Other applications
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Interaction of particles with matter: 
Other neutral particles
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Neutral 
particles

Photons

Neutrons
Neutrinos

Long-lived  
unstable
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Neutrons in matter
• Neutrons are neutral (no Coulomb interactions).


• No pair production either ( , baryon # conservation)

• Technically some EM interactions via magnetic moment possible, but 

these are normally negligible.

• Weak interactions with matter negligible -- see neutrinos!


• What's left? Strong interactions with nucleus.


• Several kinds of strong interaction possible, as we'll see, with 
cross-sections depending on the energy.


• At particle physics energies where neutrons are relativistic (En 
~ hundreds of MeV or into the GeV range), a neutron looks 
basically like any other high-energy hadron and will produce a 
hadronic shower (see calorimetry lectures).


• Last point: remember that an unbound neutron is slightly 
unstable and will eventually decay weakly (mean life ~ 15 min)

n ↛ e+e−
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Neutrons in matter
• Useful concept: thermal neutrons have E ~ kT (for T ~ 300K), 

i.e. in thermal equilibrium with matter (E ~  0.025 eV).


• Then build up an energy scale in relation to that:

• Cold/ultracold neutrons (e.g. E < 1 meV) behave quantum mechanically, 

scatter through diffraction.

• Thermal neutrons (E ~ 0.025 eV)

• Epithermal neutrons (roughly 10−1 eV to 102 keV)

• Fast neutrons (roughly 102 keV to 101 MeV)

• High energy (> 102 MeV)


• What kinds of processes are these undergoing?

• Elastic scattering with nucleus -- at any energy

• Inelastic scatters in which the neutron transfers energy to nucleus and 

puts it in an excited state -- typically needs O(MeV) or more

• Nuclear-capture-based reactions [radiative neutron capture, capture 

followed by charged particle emission, fission, ...] -- cross-sections 
generally go like 1/v, thermal neutrons favoured.

• Some of these may proceed via resonances.

Caution: ranges 
not exact
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Diffraction:
Thermal/cold neutrons have wavelengths on the order of 
crystal lattice spacing, so neutrons could be used as a 
wave-like probes of matter. They are sensitive to 
magnetic distributions, not charge distributions 

Interaction of neutrons with matter



43

Fission:
• Very strong & rapid energy 

dependence for neutron-nucleus 
fission cross-section.

• Strongly affected by (nuclide-
specific) resonances.

• Makes calculations of 
propagation ("transport") of 
neutrons very difficult

Many heavy nuclei are 
fissionable but Uranium, 
Plutonium and Thorium are 
the most important fissile 
nuclei in the nuclear fuel 
cycle. By-products of fission 
include neutrons, photons 
and other types of radiation. 
This leads to the concepts of 
neutron multiplication and 
chain reactions.

Interaction of neutrons with matter
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Elastic Neutron Nucleus Scattering A(n,n)A:
• Energy and direction of neutron altered per collisions
• Dominant energy loss process at intermediate to high (nuclear) energies
• Process responsible for neutron moderation (slowing down)
• Energy loss depends strongly on A (next slide...)

Interaction of neutrons with matter
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Neutron energy loss by elastic scattering
• At nonrelativistic energies (e.g. few MeV and below), neutron-

nucleus scatter becomes a simple classical two-body problem.


• Can further simplify problem by taking 
m(nucleus) ≈ A × m(neutron)


• See Leo 2.8.1 for derivation, but key points are:


• Post-scatter neutron energy E falls into a limited range: 

 

... so the lighter the nucleus, the more energy the neutron can 
lose (limiting case: all of its energy for pn scatter, A=1) 
... and the neutron energy distribution in this range is uniform.


• Consequence: on average, E is reduced by a factor after each 
collision and that factor is constant, independent of energy 
and depending only on A.

( A − 1
A + 1 )

2

E0 < E < E0

[obviously applies only to neutrons with energy > thermal]
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Neutron energy loss by elastic scattering
• Since energy loses a set factor [on average] after each 

collision, useful to work with ln(E0/E), which will step up by a 
constant [on average] after each collision -- jargon: "lethargy".


• This constant (for a single collision) looks like 




• Again, note that it depends on A but not on energy -- and that 
energy drops by a bigger factor for low-A material.


• So a neutron will take an average of ln(E0/E)/𝜉 collisions to 
reduce its energy from E0 to E.

• Neutrons thermalise faster in material with lots of light nuclei, e.g. 

water or paraffin, than in heavy material like lead.

• Example (Leo): to thermalise a 1 MeV neutron down to 0.025 

eV takes on average 111 collisions in C-12:

• 𝜉(A=12) = 0.158 ; ln(E0/E) = ln(1 MeV / 0.025 eV) = 17.5

• number of collisions = ln(E0/E)/𝜉 = 17.5 / 0.158 ~ 111

ξ = ⟨ln ( E0

E )⟩ = 1 +
(A − 1)2

2A
ln ( A − 1

A + 1 )
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Very important in radiation protection and reactor physics: certain nuclei 
have very large capture cross sections (resonances) at low energies. So 
neutron shielding usually includes (1) a material to slow down neutrons, 
and (2) a material to absorb the slow neutrons.
Important capture nuclei include Boron, Cadmium and Gadolinium.

Other neutron capture processes exist, such as with proton or alpha emission.

Interaction of neutrons with matter

Radiative capture 
A(n,γ)A*:
Nucleus absorbs the neutron, 
finds itself in an excited state. 
Emits a photon promptly to get 
to a stable/metastable state. 
New isotope might itself decay 
later by beta emission.
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Inelastic scattering A(n,n’)A*:
The neutron scatters off the nucleus, bumping it up into an excited 
state when then decays by emitting additional particle(s). Only 
significant for neutrons with ≳ 1 MeV of energy.
The scattered neutrons typically lose a large fraction of their initial 
energy.

Interaction of neutrons with matter



49

Image source: Wikipedia

ionization

Small EM couplings => neutrons 
interact much less frequently than 
charged particles, photons.

Interactions dominated by 
collisions with nuclei: scattering, 
capture, or fission.

Calculation/modelling of neutron 
interactions in matter is 
complicated.

Shielding for neutrons: also 
complicated!

Aside: qualitatively similar for long-lived neutral hadrons, e.g. KL (cτ=15m), 
though with fewer interaction mechanisms possible.

Interaction of neutrons with matter:
Summary

https://en.wikipedia.org/wiki/File:Types_of_radiation.svg
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Neutral 
particles

Photons

Neutrons
Neutrinos

Long-lived  
unstable



Neutral Current (CC)Charged Current (CC) 51

• Neither EM nor strong charge, only weak => very low x-sec, O(10−40 cm2)
• Corresponds to mean free path in normal matter ~ several thousand km!
• e.g. interaction x-sec with a proton when well above energy threshold:

• Different interactions possible according to neutrino flavour (e/μ/τ; )
• Must distinguish from backgrounds [typically more abundant] 

(cosmic rays, radiation from outside & inside detector)

ν/ν̄
�(⌫p) = Ev ⇥

�
6.7⇥ 10�42 cm2 MeV�1

�

Interaction of neutrinos
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• Note that neutral-current interactions are universal (same for all flavours 
of neutrino and anti-neutrino), but charged-current interactions are not.
• W-exchange with nucleon: must have enough energy to produce on-

shell e/mu/tau

• W-exchange with electron: same, and only valid for  (not )

• W-annihilation with electron: only valid for 

• Neutrino oscillations in matter also important (and a very active subject 
of research), but way out of scope for detector physics lectures!

ν ν̄
ν̄e

Interaction of neutrinos
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Neutral 
particles

Photons

Neutrons
Neutrinos

Long-lived  
unstable
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beam of low-energy negative pions 
hits a hydrogen target inside the bubble chamber 

Long-lived  
unstable

... i.e. things like KS, Λ0 with 
lifetimes long enough to fly 
through part of the tracker, 
but short enough to decay 
inside the detector.

No track (since they don't 
ionize) -- we don't detect 
them directly, but instead 
look for their decay products 
(vertex reconstruction, track 
identification)

Might interact with detector 
material and/or live long 
enough to reach calorimeter.



beam of low-energy negative pions 
hits a hydrogen target inside the bubble chamber 
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Long-lived  
unstable

⊙ B... i.e. things like KS, Λ0 with 
lifetimes long enough to fly 
through part of the tracker, 
but short enough to decay 
inside the detector.

No track (since they don't 
ionize) -- we don't detect 
them directly, but instead 
look for their decay products 
(vertex reconstruction, track 
identification)

Might interact with detector 
material and/or live long 
enough to reach calorimeter.



beam of low-energy negative pions 
hits a hydrogen target inside the bubble chamber 
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Long-lived  
unstable

Discussion point: Which 
quantities do you need to 
reconstruct the Λ0 and K0 
masses?

⊙ B
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• Photoelectric Effect
• Compton Scattering
• Pair production
• Rayleigh Scattering
• Thomson Scattering
• Photo Nuclear 

Absorption
• Nuclear Resonance 

Scattering 
• Hadron/Lepton Pair 

production
• ...

Photons

Neutrons
Neutrinos

Long-lived 
unstable

• Diffraction
• Elastic Scattering
• Nuclear 

Reactions:
Radiative capture
Other captures 
Inelastic Scattering
Nuclear Fission
...

Reconstruct 
products of 

interaction/decay

Neutral 
particles
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Some exercises
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Exercise 0
Here is an example experimental set-up and energy spectrum
[images from a U. Wisconsin TP, slightly modified]
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Figure 4:  Example of Cd109 and Cs137 calibration data. The peak near channel 250 in the 
Cs137 data results from the scattering of the 662 keV γs inside the PMT. The sharp peak 
near channel 100 is a characteristic X-ray signature of Ba137 in the scintillator.  The 
large background from channel 0 to channel 500 results from Compton scattering in the 
NaI from Cs137 gammas. There are two characteristic γ peaks for Cd109. The peak 
occurring at 22 keV is considerably more intense than the one at 87.5 keV. 
Smooth line on top of the 662 keV Cs137 band: gaussian fit with center channel 545 and 
σ=21, the value of σ can be used as error estimate for center peak position (see Data 
Analysis section) 
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scatter off the target.  The direction of the channel defines θ=0, the direction of the 
unscattered beam.   
This procedure of creating a parallel beam of particles from an otherwise isotropic source 
is called collimation.  The emerging photons impinge on the target rod, and some small 
fraction will be scattered.  Some of the scattered photons will enter the NaI(T!) crystal 
attached to a photomultiplier tube (PMT) (see Fig.  2). 
 

 

Figure 2:   A schematic diagram of the experimental apparatus. 
 

The energy lost in collisions with the I-atoms in the NaI crystal results in the emission of 
light photons from excited T! atoms which are intentionally incorporated into the NaI 
crystal.  These photons in turn eject electrons from the photo-cathode of the PMT. The 
electrons are accelerated through ∼1300 volts of electrostatic potential in such a way that 
they produce a cascade of electrons from electrodes (called dynodes) placed inside the 
tube.  This electron current pulse is then transformed into a voltage pulse which is pulse-
shaped so that its height is proportional to the energy of the incoming γ. The pulse height 
is then measured and sorted by a computer using a specially designed multi-channel 
analysis (MCA) board.   
If the source is so intense that two of these pulses arrive at the same time within the PMT, 
a spurious overlapping signal is produced. This case must be avoided as there is no way 
to learn about the energy of each of these pulses. The time separation between two pulses 
must be larger than certain value (called dead time) in order for these two pulses to be 
resolved separately. In order to avoid this problem, you will be measuring the energy 
distribution of the source at a scattering angle of 5° instead of the normally chosen angle 
of 0°, By moving the detector slightly off-center from the source, the intensity of the γ 
beam greatly reduced to ensure that the probability of having two pulses within dead time 
interval is insignificant.  In general, if average separation between single pulses in your 
beam is less than 10 times longer than the dead time of your detection system, the data set 
can be seriously skewed. Indeed, if an average time between pulses is τa, and dead time is 
τd, the fraction of 2-pulse events will be ~(τd/τa)2 for τa>>τd.  
The decay scheme of Cs137 is given in Fig.  3. The long life of the isotope and the single 
γ decay makes this isotope a very suitable source for γ ray experiments.  The β- particles 
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Exercise 0
Here is an example experimental set-up and energy spectrum
[images from a U. Wisconsin TP, slightly modified]
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Figure 4:  Example of Cd109 and Cs137 calibration data. The peak near channel 250 in the 
Cs137 data results from the scattering of the 662 keV γs inside the PMT. The sharp peak 
near channel 100 is a characteristic X-ray signature of Ba137 in the scintillator.  The 
large background from channel 0 to channel 500 results from Compton scattering in the 
NaI from Cs137 gammas. There are two characteristic γ peaks for Cd109. The peak 
occurring at 22 keV is considerably more intense than the one at 87.5 keV. 
Smooth line on top of the 662 keV Cs137 band: gaussian fit with center channel 545 and 
σ=21, the value of σ can be used as error estimate for center peak position (see Data 
Analysis section) 
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scatter off the target.  The direction of the channel defines θ=0, the direction of the 
unscattered beam.   
This procedure of creating a parallel beam of particles from an otherwise isotropic source 
is called collimation.  The emerging photons impinge on the target rod, and some small 
fraction will be scattered.  Some of the scattered photons will enter the NaI(T!) crystal 
attached to a photomultiplier tube (PMT) (see Fig.  2). 
 

 

Figure 2:   A schematic diagram of the experimental apparatus. 
 

The energy lost in collisions with the I-atoms in the NaI crystal results in the emission of 
light photons from excited T! atoms which are intentionally incorporated into the NaI 
crystal.  These photons in turn eject electrons from the photo-cathode of the PMT. The 
electrons are accelerated through ∼1300 volts of electrostatic potential in such a way that 
they produce a cascade of electrons from electrodes (called dynodes) placed inside the 
tube.  This electron current pulse is then transformed into a voltage pulse which is pulse-
shaped so that its height is proportional to the energy of the incoming γ. The pulse height 
is then measured and sorted by a computer using a specially designed multi-channel 
analysis (MCA) board.   
If the source is so intense that two of these pulses arrive at the same time within the PMT, 
a spurious overlapping signal is produced. This case must be avoided as there is no way 
to learn about the energy of each of these pulses. The time separation between two pulses 
must be larger than certain value (called dead time) in order for these two pulses to be 
resolved separately. In order to avoid this problem, you will be measuring the energy 
distribution of the source at a scattering angle of 5° instead of the normally chosen angle 
of 0°, By moving the detector slightly off-center from the source, the intensity of the γ 
beam greatly reduced to ensure that the probability of having two pulses within dead time 
interval is insignificant.  In general, if average separation between single pulses in your 
beam is less than 10 times longer than the dead time of your detection system, the data set 
can be seriously skewed. Indeed, if an average time between pulses is τa, and dead time is 
τd, the fraction of 2-pulse events will be ~(τd/τa)2 for τa>>τd.  
The decay scheme of Cs137 is given in Fig.  3. The long life of the isotope and the single 
γ decay makes this isotope a very suitable source for γ ray experiments.  The β- particles 

662 keV photon

Detector at about 5°
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Here is an example experimental set-up and energy spectrum
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Figure 4:  Example of Cd109 and Cs137 calibration data. The peak near channel 250 in the 
Cs137 data results from the scattering of the 662 keV γs inside the PMT. The sharp peak 
near channel 100 is a characteristic X-ray signature of Ba137 in the scintillator.  The 
large background from channel 0 to channel 500 results from Compton scattering in the 
NaI from Cs137 gammas. There are two characteristic γ peaks for Cd109. The peak 
occurring at 22 keV is considerably more intense than the one at 87.5 keV. 
Smooth line on top of the 662 keV Cs137 band: gaussian fit with center channel 545 and 
σ=21, the value of σ can be used as error estimate for center peak position (see Data 
Analysis section) 
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scatter off the target.  The direction of the channel defines θ=0, the direction of the 
unscattered beam.   
This procedure of creating a parallel beam of particles from an otherwise isotropic source 
is called collimation.  The emerging photons impinge on the target rod, and some small 
fraction will be scattered.  Some of the scattered photons will enter the NaI(T!) crystal 
attached to a photomultiplier tube (PMT) (see Fig.  2). 
 

 

Figure 2:   A schematic diagram of the experimental apparatus. 
 

The energy lost in collisions with the I-atoms in the NaI crystal results in the emission of 
light photons from excited T! atoms which are intentionally incorporated into the NaI 
crystal.  These photons in turn eject electrons from the photo-cathode of the PMT. The 
electrons are accelerated through ∼1300 volts of electrostatic potential in such a way that 
they produce a cascade of electrons from electrodes (called dynodes) placed inside the 
tube.  This electron current pulse is then transformed into a voltage pulse which is pulse-
shaped so that its height is proportional to the energy of the incoming γ. The pulse height 
is then measured and sorted by a computer using a specially designed multi-channel 
analysis (MCA) board.   
If the source is so intense that two of these pulses arrive at the same time within the PMT, 
a spurious overlapping signal is produced. This case must be avoided as there is no way 
to learn about the energy of each of these pulses. The time separation between two pulses 
must be larger than certain value (called dead time) in order for these two pulses to be 
resolved separately. In order to avoid this problem, you will be measuring the energy 
distribution of the source at a scattering angle of 5° instead of the normally chosen angle 
of 0°, By moving the detector slightly off-center from the source, the intensity of the γ 
beam greatly reduced to ensure that the probability of having two pulses within dead time 
interval is insignificant.  In general, if average separation between single pulses in your 
beam is less than 10 times longer than the dead time of your detection system, the data set 
can be seriously skewed. Indeed, if an average time between pulses is τa, and dead time is 
τd, the fraction of 2-pulse events will be ~(τd/τa)2 for τa>>τd.  
The decay scheme of Cs137 is given in Fig.  3. The long life of the isotope and the single 
γ decay makes this isotope a very suitable source for γ ray experiments.  The β- particles 
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Compton-scattered photon leaves 
scintillator. Only electron energy 
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                (but minimum is zero).
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Here is an example experimental set-up and energy spectrum
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Figure 4:  Example of Cd109 and Cs137 calibration data. The peak near channel 250 in the 
Cs137 data results from the scattering of the 662 keV γs inside the PMT. The sharp peak 
near channel 100 is a characteristic X-ray signature of Ba137 in the scintillator.  The 
large background from channel 0 to channel 500 results from Compton scattering in the 
NaI from Cs137 gammas. There are two characteristic γ peaks for Cd109. The peak 
occurring at 22 keV is considerably more intense than the one at 87.5 keV. 
Smooth line on top of the 662 keV Cs137 band: gaussian fit with center channel 545 and 
σ=21, the value of σ can be used as error estimate for center peak position (see Data 
Analysis section) 
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scatter off the target.  The direction of the channel defines θ=0, the direction of the 
unscattered beam.   
This procedure of creating a parallel beam of particles from an otherwise isotropic source 
is called collimation.  The emerging photons impinge on the target rod, and some small 
fraction will be scattered.  Some of the scattered photons will enter the NaI(T!) crystal 
attached to a photomultiplier tube (PMT) (see Fig.  2). 
 

 

Figure 2:   A schematic diagram of the experimental apparatus. 
 

The energy lost in collisions with the I-atoms in the NaI crystal results in the emission of 
light photons from excited T! atoms which are intentionally incorporated into the NaI 
crystal.  These photons in turn eject electrons from the photo-cathode of the PMT. The 
electrons are accelerated through ∼1300 volts of electrostatic potential in such a way that 
they produce a cascade of electrons from electrodes (called dynodes) placed inside the 
tube.  This electron current pulse is then transformed into a voltage pulse which is pulse-
shaped so that its height is proportional to the energy of the incoming γ. The pulse height 
is then measured and sorted by a computer using a specially designed multi-channel 
analysis (MCA) board.   
If the source is so intense that two of these pulses arrive at the same time within the PMT, 
a spurious overlapping signal is produced. This case must be avoided as there is no way 
to learn about the energy of each of these pulses. The time separation between two pulses 
must be larger than certain value (called dead time) in order for these two pulses to be 
resolved separately. In order to avoid this problem, you will be measuring the energy 
distribution of the source at a scattering angle of 5° instead of the normally chosen angle 
of 0°, By moving the detector slightly off-center from the source, the intensity of the γ 
beam greatly reduced to ensure that the probability of having two pulses within dead time 
interval is insignificant.  In general, if average separation between single pulses in your 
beam is less than 10 times longer than the dead time of your detection system, the data set 
can be seriously skewed. Indeed, if an average time between pulses is τa, and dead time is 
τd, the fraction of 2-pulse events will be ~(τd/τa)2 for τa>>τd.  
The decay scheme of Cs137 is given in Fig.  3. The long life of the isotope and the single 
γ decay makes this isotope a very suitable source for γ ray experiments.  The β- particles 
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Compton backscatter reduces photon 
energy. Energy and shape depend on 
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This peak has a different origin
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Exercise 0
Here is an example experimental set-up and energy spectrum
[images from a U. Wisconsin TP, slightly modified]
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Figure 4:  Example of Cd109 and Cs137 calibration data. The peak near channel 250 in the 
Cs137 data results from the scattering of the 662 keV γs inside the PMT. The sharp peak 
near channel 100 is a characteristic X-ray signature of Ba137 in the scintillator.  The 
large background from channel 0 to channel 500 results from Compton scattering in the 
NaI from Cs137 gammas. There are two characteristic γ peaks for Cd109. The peak 
occurring at 22 keV is considerably more intense than the one at 87.5 keV. 
Smooth line on top of the 662 keV Cs137 band: gaussian fit with center channel 545 and 
σ=21, the value of σ can be used as error estimate for center peak position (see Data 
Analysis section) 
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scatter off the target.  The direction of the channel defines θ=0, the direction of the 
unscattered beam.   
This procedure of creating a parallel beam of particles from an otherwise isotropic source 
is called collimation.  The emerging photons impinge on the target rod, and some small 
fraction will be scattered.  Some of the scattered photons will enter the NaI(T!) crystal 
attached to a photomultiplier tube (PMT) (see Fig.  2). 
 

 

Figure 2:   A schematic diagram of the experimental apparatus. 
 

The energy lost in collisions with the I-atoms in the NaI crystal results in the emission of 
light photons from excited T! atoms which are intentionally incorporated into the NaI 
crystal.  These photons in turn eject electrons from the photo-cathode of the PMT. The 
electrons are accelerated through ∼1300 volts of electrostatic potential in such a way that 
they produce a cascade of electrons from electrodes (called dynodes) placed inside the 
tube.  This electron current pulse is then transformed into a voltage pulse which is pulse-
shaped so that its height is proportional to the energy of the incoming γ. The pulse height 
is then measured and sorted by a computer using a specially designed multi-channel 
analysis (MCA) board.   
If the source is so intense that two of these pulses arrive at the same time within the PMT, 
a spurious overlapping signal is produced. This case must be avoided as there is no way 
to learn about the energy of each of these pulses. The time separation between two pulses 
must be larger than certain value (called dead time) in order for these two pulses to be 
resolved separately. In order to avoid this problem, you will be measuring the energy 
distribution of the source at a scattering angle of 5° instead of the normally chosen angle 
of 0°, By moving the detector slightly off-center from the source, the intensity of the γ 
beam greatly reduced to ensure that the probability of having two pulses within dead time 
interval is insignificant.  In general, if average separation between single pulses in your 
beam is less than 10 times longer than the dead time of your detection system, the data set 
can be seriously skewed. Indeed, if an average time between pulses is τa, and dead time is 
τd, the fraction of 2-pulse events will be ~(τd/τa)2 for τa>>τd.  
The decay scheme of Cs137 is given in Fig.  3. The long life of the isotope and the single 
γ decay makes this isotope a very suitable source for γ ray experiments.  The β- particles 
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... and maybe the backscattered 
photon also escapes after a 
Compton scatter in the detector!



64

The quantum efficiency of a Photomultiplier Tube is 15%. If 8 photons hit 
the photocathode, what are the probabilities of emitting

(a) no electrons?
(b) exactly one electron?
(c) at least one electron?

Hint: The binomial coefficients for n=8 are (1, 8, 28, 56, 70, 56, 28, 8, 1)

The PMT is used to detect the light from an organic scintillator (whose 
density ρ=1.1 g/cm3 and in which particles emit about 104 photons in the 
visible spectrum per MeV of energy loss). Due to absorption in the 
scintillator and light-guide, scintillation photons have only a 5% 
probability of reaching the photomultiplier. How thick must the scintillator 
slab be, so that a minimum-ionizing particle will be detected with an 
efficiency of at least 99%?

Exercise A
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27. Passage of particles through matter 3

The function as computed for muons on copper is shown by the solid curve in Fig. 27.1,
and for pions on other materials in Fig. 27.3. A minor dependence on M at the highest
energies is introduced through Tmax, but for all practical purposes in high-energy physics
dE/dx in a given material is a function only of β. Except in hydrogen, particles of
the same velocity have similar rates of energy loss in different materials; there is a
slow decrease in the rate of energy loss with increasing Z. The qualitative difference in
stopping power behavior at high energies between a gas (He) and the other materials
shown in Fig. 27.3 is due to the density-effect correction, δ, discussed below. The stopping
power functions are characterized by broad minima whose position drops from βγ = 3.5
to 3.0 as Z goes from 7 to 100. The values of minimum ionization as a function of atomic
number are shown in Fig. 27.2.

In practical cases, most relativistic particles (e.g., cosmic-ray muons) have mean energy
loss rates close to the minimum, and are said to be minimum ionizing particles, or mip’s.

As discussed below, the most probable energy loss in a detector is considerably below
the mean given by the Bethe-Bloch equation.
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Figure 27.2: Stopping power at minimum ionization for the chemical elements.
The straight line is fitted for Z > 6. A simple functional dependence on Z is not to
be expected, since 〈−dE/dx〉 also depends on other variables.

Eq. (27.1) may be integrated to find the total (or partial) “continuous slowing-down
approximation” (CSDA) range R for a particle which loses energy only through ionization
and atomic excitation. Since dE/dx depends only on β, R/M is a function of E/M or
pc/M . In practice, range is a useful concept only for low-energy hadrons (R <∼ λI , where
λI is the nuclear interaction length), and for muons below a few hundred GeV (above

January 10, 2006 13:17

Figure from PDG: K.A. Olive et al. (Particle Data Group), Chin. Phys. C, 38, 090001 
(2014) and 2015 update

Exercise A

http://pdg.lbl.gov/
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Scintillators, gaseous and silicon detectors can be used to measure 
the energy lost by a particle. The key parameter is the energy 
required to create a photon (or e/ion pair, or e/hole pair). Consider 
three cases:

1) A scintillator, where one photon is emitted for every 100 eV of 
deposited energy, only 6% of the photons reach the 
photomultiplier, and the PMT has a quantum efficiency of 
30%.

2) A silicon detector, where 3.6 eV is required to create one 
electron-hole pair (more detail in the next lecture)

3) A gaseous detector, where one electron-ion pair is created for 
every 20 eV of energy deposited (more detail in later lectures)

What is the relative precision with which energy losses of (a) 100 
keV, (b) 5 MeV, and (c) 20 MeV can be measured in the three 
detectors?

Exercise B
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Exercise C

Suppose that you are designing the electromagnetic calorimeter for 
a particle physics detector working at a centre-of-mass energy of E 
(for the cases E = 10 GeV, E = 200 GeV, E = 10 TeV). What design 
would you use, and why? What type of detector technology would 
you use? Could other technologies be used instead? Does your 
answer work for both e+e− and hadron colliders?

[Note that there is no unique answer here. You might compare your 
answer to what previous experiments have used. For a real detector, 
practical constraints like budgets and readout bandwidth are also 
important.]
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Example exam questions 
from previous years

Note: The exam format has changed over time, and the syllabus has 
also evolved somewhat. The point is not to give you the exact style 
or content of this year's questions, but to help you prepare.
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Exam questions

From 2016:

1 Question

We consider photons in the energy range 10 eV< E� < 100GeV. For interactions

with matter, the dominant processes in this region are the Compton e↵ect, pair

production, and the photoelectric e↵ect.

(a) For each of these three processes, draw a Feynman diagram.

(b) Sketch a graph showing how the interaction cross-section of each of these

three processes varies with E� on a log-log scale for a material of intermediate

Z, labelling any important features.

2 Question

A photomultiplier tube contains N dynodes. The potential di↵erence between

the photocathode and the anode is V . In passing from dynode i to dynode i+1,

each electron is accelerated through a potential di↵erence �V and liberates

[a(�V/V0)
k � 1] additional electrons at dynode i+1. Assuming that �V is the

same at each step, find an expression for the total gain G. IfN = 10, V0 = 1volt,

k = 0.7, and a = 0.15, what gain would we expect for the following voltages V ?

(a) 200 volts; (b) 1000 volts; (c) 3000 volts. What practical limitations keep us

from increasing V indefinitely?

3 Question

Consider one module of a tracking detector, consisting of a 200µm-thick layer

of silicon. A reverse bias voltage Vb is applied. The silicon module is used to

detect the passage of charged particles, and to measure the energy they de-

posit. Explain briefly how the detector works, discussing the physical processes

involved.

After the module has been used for an extended period, radiation damage

reduces the thickness of the depletion region to 150µm. How does this a↵ect

the signal size? Does it matter whether the undepleted region is on the same

side of the detector as the readout electrode?

(For the purposes of Ramo’s theorem, you may assume that the weighting

fields are uniform across the 200µm thickness of the module.)

1
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Exam questions

From 2017:

Consider a detector consisting of a block of scintillator and a 
photomultiplier tube. The scintillator has a light yield of 13%, and produces 
scintillation photons with . Estimate the energy resolution (in 
units of keV) of the detector for photons of energy , stating 
any assumptions.


Suggest another detector technology that could be used if a significantly 
better energy resolution is needed.


[ ]


λ = 410 nm
Eγ ≈ 0.5 MeV

ℏc = 197.3 MeV fm
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Exam questions

From 2021:

Q4 (approx. 20 min)

We wish to detect photons with energy E� = 1MeV.

(a) Suggest a suitable scintillator material, giving an approximate value for its
light yield in %. Roughly how many scintillation photons will be pro-
duced? (Order-of-magnitude estimates are fine.)

(b) We use a photomultiplier tube to detect the scintillation photons. Sketch
a simple PMT design, noting the key physical processes that occur in the
detection of a scintillation photon. Explain briefly the meaning of the
terms “quantum e�ciency”, “collection e�ciency”, and “multiplication
e�ciency”.

[h̄c = 197.3MeV fm]

3


