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Problem 5 Čerenkov detector
Particles crossing a dielectric material at a speed larger than the propagation speed
of light in that material emit Čerenkov radiation. The energy emitted dE through
Čerenkov emission per unit of traveled length dx and unit of emitted frequency dν
is given by the Frank-Tamm formula
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where q is the particle charge, n(ν) is the refractive index, and µ(ν) the electromag-
netic permeability.
Detection of Čerenkov light emission is an often-used technique for detecting parti-
cles both in accelerator and cosmic-ray experiments.

a) Knowing that particles move at the speed v = βc through the medium, show
that the angle Θ between the particle trajectory and the radiation direction of
the Čerenkov radiation is given as

cosΘ =
1

βn
;

b) calculate Θ for relativistic particles;

c) estimate the kinetic energy threshold for a proton in air (n = 1.0003), water
(n = 1.33), and plexiglas (n = 1.49);

d) evaluate the ratio R of Čerenkov emission in plexiglas for a proton and an
electron with kinetic energy Ekin = 400 MeV;

e) evaluate refractive index necessary to obtain the same value of R as found at
point d) for an electron and a proton of Ekin = 300 GeV, and suggest possible
materials to adopt to achieve such refractive index.

Hint: consider the following particle masses: mp = 938 MeV/c2, and me = 511 KeV/c2.

Problem 6 Particle-timing detectors
Particle timing is generally measured by scintillator detectors, because of their very
short response time. When a charged particle enters a scintillator detector, it loses
energy through the ionization process and this energy is converted into a light emis-
sion within few nanoseconds. The emitted light is then collected by photo-detectors



that convert the light emission into an electric signal. The most used photo-detectors
are the so-called “Photo-Multiplier Tubes” (PMTs). Since the amount of light emit-
ted is very strictly correlated with the amount of released energy, scintillator detec-
tors can also be used for particle charge measurement and sometimes for particle
energy measurements too.
The time resolution of a PMT, also known as “time jitter”, is mainly given by the
fluctuations in the arrival time of the electrons on the first multiplying dynode.
Those fluctuations are due to the geometrical properties of the PMT (i.e. the dif-
ferent path length the electrons have to travel from the different positions on the
cathode for reaching the first dynode) and to the different extraction velocity of the
electrons when they are extracted from the cathode.

a) By considering an electric field
−→
E between the cathode and the first dynode

and a maximum extraction kinetic energy Ek for the electrons extracted from
the cathode, show that the maximum time jitter δt due to fluctuation of the
electron extraction velocity is equal to

δt ≈
√
2 me Ek

e E

where e is the electron charge, and me = 511 keV/c2 is the electron mass.
Hint: Given the arrival times on the first dynode t1 and t2, do the following
approximation: t1 + t2 = 2t, t ≈ t1, t ≈ t2.

b) By assuming a photon of wavelength λ = 250 nm, an electron binding energy
EB = 1 eV on the PMT photo-cathode, and an electric field E = 100 V/cm,
compute the time jitter δt due to the fluctuation of the extraction velocity.
Hint: Mind that the electron is released from the cathode through photoelec-
tric effect. Remember the photon energy is given by Eγ = h · ν, where the
Planck’s constant h = 4.135 10−15 eV s and ν is the frequency.

Problem 7 Particle-tracker geometrical resolution
Thin detectors can be used as particle tracker by measuring the position where
the energy release occurred. On this purpose a very good spatial resolution is
crucial. Examples of particle trackers are the wire chamber detectors and the silicon
detectors. Most often, a thin detector provides the particle position along one
direction only, and as consequence each layer of a particle tracker is usually made
of two equal over-imposed detectors, so to achieve a geometrical reconstruction on
both axis.

By considering a wire chamber detector with a wire spacing (i.e. the distance be-
tween two neighboring wires) λ and by assuming that for each wire the particle
detection efficiency η is given by the step function

η(d) =


1 , |d| < λ/2

0 , |d| > λ/2

where d is the distance from the traveling particle, show that the standard deviation
of the position reconstruction along the d-direction σd, is equal to

σd =
λ√
12



The solutions will be discussed during the werkcollege on 15.09.2016 in HG 00.058.
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