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1. How much heat do we need to create a QGP?

2000° – 4000° F
1000° – 2000° F

‣5,000,000,000,000o F!!!
✓ Roughly a million times higher temperature than center of sun  
✓ At such temperatures, half the “F” value to get Celcius “C” or Kelvin “K”

27,000,000° F
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1. How much heat do we need to create a QGP?

‣See Wilke’s talk and phase transition temp of 150 MeV corresponds to 
∼2,500,000,000,000 K

Hadron Gas QGP
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1. How much heat do we need to create a QGP?

‣Crude but highly effective: collisions!

‣To make the QGP, we collide Pb-Pb heavy ions (nuclei) at the LHC

https://videos.cern.ch/record/1304862

https://videos.cern.ch/record/1304862
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2. Accelerators and Beams

‣All accelerators use electromagnetic fields to increase the energy of 
charged particles

‣Two types: DC accelerators have a steady electric field (i.e., time independent), 
AC accelerators use radio frequency electric fields. 

‣Modern-day large accelerators in particle/nuclear physics are AC.
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2. Accelerators and Beams

‣First type of DC accelerator was the Cockcroft–Walton machine, which used 
aligned electrodes with successively higher potentials.  

‣Could accelerate charged particles to 1 MeV, and still used as injectors for other 
accelerators. 

‣The most important DC machine in current use is the van de Graaff accelerator 
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2. Accelerators and Beams

‣Negative ions are attracted to S, then stripped (thin carbon foil) to remove 
electrons to produce positive ions

Figure 4.1 Principle of the tandem van de Graaff accelerator



8

2. Accelerators and Beams

‣The pulleys transfer ions via the Comb (C) to a hollow metal sphere that 
provides the electric field to accelerate the beam.  

‣Beam energies achieved 30-40 MeV.

John G. TrumpRobert J. Van de Graaff
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2. Accelerators and Beams

‣Two types of AC accelerators: Linear (linac) and Cyclic 

In Figure 4.1, a high voltage source at I passes positive ions to a belt via a comb
arrangement at C. The belt is motor driven via the pulleys at P and the ions are
carried on the belt to a second pulley where they are collected by another comb
located within a metal vessel T. The charges are then transferred to the outer
surface of the vessel, which acts as an extended terminal. In this way a high
voltage is established on T. Singly-charged negative ions are injected from a
source and accelerated along a vacuum tube towards T. Within T there is a stripper
S (for example a thin carbon foil) that removes two or more electrons from the
projectiles to produce positive ions. The latter then continue to accelerate through
the second half of the accelerator increasing their energy still further and finally
may be bent and collimated to produce a beam of positive ions. This brief account
ignores many technical details. For example, an inert gas at high pressure is used to
minimize electrical breakdown by the high voltage. The highest energy van de
Graaff accelerator can achieve a potential of about 30–40MeV for singly-charged
ions and greater if more than one electron is removed by the stripper. It has been a
mainstay of nuclear research.

4.2.2 AC accelerators

Accelerators using radio frequency (r.f.) electric fields may conveniently be
divided into linear and cyclic varieties.

Linear accelerators

In a linear accelerator (or linac) for acclerating ions, particles pass through a series
of metal pipes called drift tubes, that are located in a vacuum vessel and connected
successively to alternate terminals of an r.f. oscillator, as shown in Figure 4.2.
Positive ions accelerated by the field move towards the first drift tube. If the

Figure 4.2 Acceleration in a linear ion accelerator
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2. Accelerators and Beams

‣Charged particles travel to the first terminal - 
potential flips, sending them to the next 
terminal.  

‣Form bunches when doing so 

‣The largest Linac is at the SLAC Laboratory 
in Stanford, USA. The maximum energy of 
the beam particles is 50 GeV. Over 3 km 
long 
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2. Accelerators and Beams

‣Cyclic accelerators used for low-energy nuclear physics experiments are of a 
type called cyclotrons. 

‣Cyclic accelerators used for high-energy particle/nuclear physics called 
synchrotrons  

‣In a cyclotron, charged particles are constrained to move in near-circular orbits 
by a magnetic field during the acceleration process.  
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2. Accelerators and Beams

‣Ions are accelerated each time they pass through the Dee 

‣The shape of magnetic fields keeps the ions in a stable orbit i.e. in the middle 
schematically in Figure 4.3. The accelerator consists of two ‘dee’-shaped sections
across which an r.f. electric field is established. Charged ions are injected into the
machine near its centre and are constrained to traverse outward in spiral
trajectories by a magnetic field. The ions are accelerated each time they pass
across the gap between the dees. At the maximum radius, which corresponds to the
maximum energy, the beam is extracted. The shape of the magnetic field, which is
also shown in Figure 4.3, ensures that forces act on particles not orbiting in the
medium plane to move them closer to this plane. This brief description ignores the
considerable problems that have to be overcome to ensure that the beam remains
focused during the acceleration.
The principle of a synchrotron is analogous to that of a linear accelerator, but

where the acceleration takes place in a near circular orbit rather than in a straight
line. The beam of particles travels in an evacuated tube called the beam pipe and is
constrained in a circular or near circular path by an array of dipole magnets called
bending magnets (Figure 4.4). Acceleration is achieved as the beam repeatedly
traverses one or more cavities placed in the ring where energy is given to the
particles. Since the particles travel in a circular orbit they continuously emit
radiation, called in this context synchrotron radiation. The amount of energy
radiated per turn by a relativistic particle of mass m is proportional to 1=m4.
For electrons the losses are thus very severe, and the need to compensate for these
by the input of large amounts of r.f. power limits the energies of electron
synchrotrons.
The momentum in GeV/c of an orbiting particle assumed to have unit charge is

given by p ¼ 0:3B!, where B is the magnetic field in Tesla and !, the radius of
curvature, is measured in metres. Because p is increased during acceleration, B
must also be steadily increased if ! is to remain constant, and the final momentum
is limited both by the maximum field available and by the size of the ring. With

Figure 4.3 Schematic diagram of a cyclotron (adapted from Kr88, copyright John Wiley &
Sons)
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2. Accelerators and Beams

‣A synchrotron works similarly to a linac, but the beam pipe is circular. 

‣Since particles travel in a circular obit, they emit radiation called synchrotron 
radiation.  

‣Amount of energy lost goes as 1/m4 

‣In units of GeV/c, the momentum of an orbiting particle is p=0.3Bρ, where ρ is 
the radius of curvature (m), and B is the magnetic field (T). 
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2. Accelerators and Beams

‣Beam magnet (left) ensures circular orbit. Up to 7 T at LHC (superconducting). 
Quadrapole magnetic (right) keeps the beam focused 

conventional electromagnets, the largest field attainable over an adequate region is
about 1.5 T, and even with superconducting coils it is only of the order of 10 T.
Hence the radius of the ring must be very large to achieve very high energies.
For example, the Tevatron accelerator, located at the Fermi National Laboratory,
Chicago, USA, which accelerates protons to an energy of 1 TeV, has a radius of
l km. A large radius is also important to limit synchrotron radiation losses in
electron machines.
In the course of its acceleration, a beam may make typically 105 traversals of its

orbit before reaching its maximum energy. Consequently stability of the orbit is
vital, both to ensure that the particles continue to be accelerated, and that they do
not strike the sides of the vacuum tube. In practice, the particles are accelerated in
bunches each being synchronized with the r.f. field. In equilibrium, a particle
increases its momentum just enough to keep the radius of curvature constant as
the field B is increased during one rotation, and the circulation frequency of the
particle is in step with the r.f. of the field. This is illustrated in Figure 4.5. With
obvious changes, a similar principle is used in linear accelerators.
In practice, the particles remain in the bunch, but their trajectories oscillate

about the stable orbits. These oscillations are controlled by a series of focusing
magnets, usually of the quadrupole type, which are placed at intervals around the
beam and act like optical lenses. A schematic diagram of one of these is shown in
Figure 4.4. Each focuses the beam in one direction and so alternate magnets have
their field directions reversed.
In addition to the energy of the beam, one is also concerned to produce a beam

of high intensity, so that interactions will be plentiful. The intensity is ultimately
limited by defocussing effects, e.g. the mutual repulsion of the particles in the

Figure 4.4 Cross-section of (a) a typical bending (dipole) magnet, and (b) a focusing
(quadrupole) magnet; the thin arrows indicate field directions; the thick arrows indicate the
force on a negative particle travelling into the paper
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2. Accelerators and Beams

‣The relativistic heavy-ion collider (RHIC) in New York is 4km in circumference 
with maximum energy of 500 GeV.
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2. Accelerators and Beams

‣LHC (Geneva, Switzerland) collides 
beams with maximum particle 
energies of 6.5 TeV 

‣Ring is 27 km in circumference and 
most powerful in the world 

‣Can collide p-p, p-A and A-A ions.

new particles. Almost all new machines for particle physics are therefore colliders,
although some fixed-target machines for specialized purposes are still constructed.
The largest collider currently under construction is the Large Hadron Collider
(LHC), which is being built at CERN, Geneva, Switzerland. This is a massive pp
accelerator of circumference 27 km, with each beam having an energy of 7 TeV.
A schematic diagram of the CERN site showing the LHC and some of its other
accelerators is shown in Figure 4.6. The acceleration process starts with a linac

Figure 4.6 A schematic diagram of the CERN site showing the LHC and some of its other
accelerators (CERN photo, reproduced with permission)

120 CH4 EXPERIMENTAL METHODS
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2. Accelerators and Beams
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3. Particle Interactions with Matter

‣In order to be detected, a created particle from a collision must undergo an 
interaction with the material of a detector. 

‣The first possibility is that the particle interacts with an atomic nucleus, 
e.g., via a strong (hadronic) or weak interaction (neutrino). Sometimes new 
particles are made, which can then be detected. 

‣Second is charged particles may excite/ionize atoms via interactions with 
electrons, leading to ionization energy losses and also leading to radiation 
energy losses. 

‣Most detectors utilize second process 
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3. Particle Interactions with Matter

‣Many hadronic cross-sections (short range) show interesting structure at low 
energies due to hadronic resonances.  

‣At energies above about 3 GeV, total cross-sections are usually slowly varying.

cross-section !r2 ! 30mb, where r ! 1 fm is the approximate range of the strong
interaction between hadrons. Total cross-sections on nuclei are much larger see
for example Figure (2.17), increasing roughly as the square of the nuclear radius,
i.e. as A2=3.
A special case is the detection of thermal neutrons (defined as those with kinetic

energies energies below about 0.02 eV). We have seen in Chapter 2 that neutrons in
this region have very large cross-sections for being absorbed, leading to the
production of a compound nucleus which decays by delayed emission of a "-ray.
Examples of these so-called neutron activation reactions are 63Cuðn; "Þ64Cu and
55Mnðn; "Þ56Mn.
The probability of a hadron-nucleus interaction occurring as the hadron

traverses a small thickness dx of material is given by n#totdx, where n is the
number of nuclei per unit volume in the material. Consequently, the mean distance
travelled before an interaction occurs is given by

‘c ¼ 1=n#tot: ð4:8Þ

This is called the collision length. An analogous quantity is the absorption length,
defined by

‘a ¼ 1=n#inel; ð4:9Þ

that governs the probability of an inelastic collision. In practice, ‘c ! ‘a at high
energies. As examples, the interaction lengths are between 10 and 40 cm
for nucleons of energy in the range 100–300GeV interacting with metals such
as iron.

Figure 4.7 Total and elastic cross-sections for !%p scattering as functions of the pion
laboratory momentum

124 CH4 EXPERIMENTAL METHODS
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3. Particle Interactions with Matter

‣The probability of a hadron-nucleus interaction occurring as the hadron 
traverses a small thickness dx of material is given by: 

‣                   dp = nσtot dx 

‣where n is the number of nuclei per unit volume in the material. Mean distance 
travelled before interaction 

‣Often called collision length. 

cross-section !r2 ! 30mb, where r ! 1 fm is the approximate range of the strong
interaction between hadrons. Total cross-sections on nuclei are much larger see
for example Figure (2.17), increasing roughly as the square of the nuclear radius,
i.e. as A2=3.
A special case is the detection of thermal neutrons (defined as those with kinetic

energies energies below about 0.02 eV). We have seen in Chapter 2 that neutrons in
this region have very large cross-sections for being absorbed, leading to the
production of a compound nucleus which decays by delayed emission of a "-ray.
Examples of these so-called neutron activation reactions are 63Cuðn; "Þ64Cu and
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that governs the probability of an inelastic collision. In practice, ‘c ! ‘a at high
energies. As examples, the interaction lengths are between 10 and 40 cm
for nucleons of energy in the range 100–300GeV interacting with metals such
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3. Particle Interactions with Matter

‣An analogous quantity is the absorption length, defined by: 

‣governs the probability of an inelastic collision. At high energies lc ≈ la. Finally, 
the basis for studying neutrinos is (hard particle to detect!): 

‣and they typically have very long absorption lengths.
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Neutrinos and antineutrinos can also be absorbed by nuclei, leading to reactions
of the type

!!!‘ þ p ! ‘þ þ X; ð4:10Þ

where ‘ is a lepton and X denotes any hadron or set of hadrons allowed by the
conservation laws. Such processes are weak interactions (because they involve
neutrinos) and the associated cross-sections are extremely small compared with the
cross-sections for strong interaction processes. The corresponding interaction
lengths are therefore enormous. Nonetheless, in the absence of other possibilities
such reactions are the basis for detecting neutrinos. Finally, photons can be
absorbed by nuclei, giving photoproduction reactions such as " þ p ! X. How-
ever, these electromagnetic interactions are only used to detect photons at low
energies, because at higher energies there is a far larger probability for eþe$ pair
production in the Coulomb field of the nucleus. We will return to this in
Section 4.3.4.

4.3.2 Ionization energy losses

Ionization energy losses are important for all charged particles, and for particles
other than electrons and positrons they dominate over radiation energy losses at all
but the highest attainable energies. The theory of such losses, which are due
dominantly to Coulomb scattering from the atomic electrons, was worked out by
Bethe, Bloch and others in the 1930s. The result is called the Bethe–Bloch
formula, and for spin-0 bosons with charge %q (in units of e), massM and velocity
v, it takes the approximate form (neglecting small corrections for highly relativistic
particles)

$ dE

dx
¼ Dq2ne

#2
ln

2mec
2#2"2

I

! "

$ #2
# $

; ð4:11Þ

where x is the distance travelled through the medium;

D ¼ 4$%2 !h2

me
¼ 5:1' 10$25MeV cm2 ; ð4:12Þ

me is the electron mass, # ¼ v=c and " ¼ ð1$ #2Þ$1=2. The other constants refer
to the properties of the medium: ne is the electron density; I is the mean ionization
potential of the atoms averaged over all electrons, which is given approximately by
I ¼ 10Z eV for Z greater than 20. The corresponding formula for spin-12 particles
differs from this, but in practice the differences are small and may be neglected in
discussing the main features of ionization energy loses.
Examples of the behaviour of $dE=dx for muons, pions and protons traversing a

range of materials is shown in Figure 4.8. It is common practice to absorb the
density & of the medium by dividing by & and expressing dE=dx in terms of an
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3. Particle Interactions with Matter
‣Ionization energy losses are used for the detection of all charged particles. The 
Bethe-Bloch formula describes this process: 

‣If v is the velocity of the particle, β=v/c, γ=(1-β2)-1/2. It depends on the charge q 
of the particle traveling through the material. The constant 

‣and the other constants are due to the material's properties. 

Neutrinos and antineutrinos can also be absorbed by nuclei, leading to reactions
of the type
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3. Particle Interactions with Matter

‣Sometimes dE/dx is divided by the 
density. 

‣Left shows ionization loss for 
muons, pion, protons for different 
materials.

equivalent thickness of gm cm!2 – hence the units in Figure 4.8. As can be seen,
!dE=dx falls rapidly as the velocity increases from zero because of the 1=!2 factor
in the Bethe–Bloch equation. All particles have a region of ‘minimum ionization’
for !" in the range 3–4. Beyond this, ! tends to unity, and the logarithmic factor in
the Bethe–Bloch formula gives a ‘relativistic rise’ in !dE=dx.
The magnitude of the energy loss depends on the medium. The electron density

is given by ne ¼ #NAZ=A, where NA is Avogadro’s number, and # and A are the
mass density and atomic weight of the medium, so the mean energy loss is
proportional to the density of the medium. The remaining dependence on the
medium is relatively weak because Z=A # 0:5 for all atoms except the very light

Figure 4.8 Ionization energy loss for muons, pions and protons on a variety of mate-
rials (reprinted from Ei04, copyright Elsevier, with permission)
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3. Particle Interactions with Matter

‣From my thesis - detected particles from STAR experiment 
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3. Particle Interactions with Matter

‣The minimum ionization occurs at βγ ≈ 3-4. Factoring out the material density 
for particles with unit charge: 

‣The distance a particle will travel before losing all of it’s energy is: 

and the very heavy elements, and because the ionization energy I only enters the
Bethe–Bloch formula logarithmically. In the ‘minimum ionization’ region where
!" ! 3–4, the minimum value of "dE=dx can be calculated from Equation (4.11)
and for a particle with unit charge is given approximately by

" dE

dx

! "

min

! 3:5
Z

A
MeVg"1cm2: ð4:13Þ

Ionization losses are proportional to the squared charge of the particle, so that a
fractionally charged particle with !" % 3 would have a much lower rate of energy
loss than the minimum energy loss of any integrally charged particle. This has
been used as a means of identifying possible free quarks, but without success.
From the knowledge of the rate of energy loss, we can calculate the attenuation

as a function of distance travelled in the medium. This is called the Bragg curve.
Most of the ionization loss occurs near the end of the path where the speed is
smallest and the curve has a pronounced peak (the Bragg peak) close to the end
point before falling rapidly to zero at the end of the particle’s path length.
The range R, i.e. the mean distance a particle travels before it comes to rest is
defined as

R &
ð

xmax

0

dxð!Þ; ð4:14Þ

which, using Equation (4.11), may be written

R ¼
ð

!initial

0

" dE

dx

$ %"1dE

d!
d! ¼ M

q2ne
Fð!initialÞ; ð4:15Þ

where F is a function of the initial velocity and we have used the relation
E ¼ "Mc2 to show the dependence on the projectile mass M.
The range as given by Equation (4.15) is actually an average value because

scattering is a statistical process and there will therefore be a spread of values for
individual particles. The spread will be greater for light particles and smaller for
heavier particles such as #-particles. These properties have implications for the use
of radiation in therapeutic situations, where it may be necessary to deposit energy
within a small region at a specific depth of tissue, for example to precisely target a
cancer. The biological effects of radiation will be discussed in Chapter 8.
Because neutrons are uncharged, direct detection is not possible by ionization

methods. However, they can be detected via the action of the charged products of
induced direct nuclear reactions. Commonly used reactions are 6Liðn;#Þ3H,
10Bðn;#Þ7Li and 3Heðn; pÞ3H. All these reactions are exothermic and so are
very suitable for detecting neutrons with energies below about 20MeV. Moreover,
as nuclear cross-sections tend to increase as v"1 at low energies, detection
becomes more efficient the slower the neutron.
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scattering is a statistical process and there will therefore be a spread of values for
individual particles. The spread will be greater for light particles and smaller for
heavier particles such as #-particles. These properties have implications for the use
of radiation in therapeutic situations, where it may be necessary to deposit energy
within a small region at a specific depth of tissue, for example to precisely target a
cancer. The biological effects of radiation will be discussed in Chapter 8.
Because neutrons are uncharged, direct detection is not possible by ionization

methods. However, they can be detected via the action of the charged products of
induced direct nuclear reactions. Commonly used reactions are 6Liðn;#Þ3H,
10Bðn;#Þ7Li and 3Heðn; pÞ3H. All these reactions are exothermic and so are
very suitable for detecting neutrons with energies below about 20MeV. Moreover,
as nuclear cross-sections tend to increase as v"1 at low energies, detection
becomes more efficient the slower the neutron.
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3. Particle Interactions with Matter

‣When a charged particle traverses matter, it can also lose energy by radiating 
photons through collisions with nuclei, known as bremsstrahlung. 

‣The Feynman diagrams associated with this process are:  

4.3.3 Radiation energy losses

When a charged particle traverses matter it can also lose energy by radiative
collisions, especially with nuclei. The electric field of a nucleus will accelerate and
decelerate the particles as they pass, causing them to radiate photons, and hence
lose energy. This process is called bremsstrahlung (literally ‘braking radiation’ in
German) and is a particularly important contribution to the energy loss for
electrons and positrons.
The dominant Feynman diagrams for electron bremsstrahlung in the field of a

nucleus, i.e.
e! þ ðZ;AÞ ! e! þ ! þ ðZ;AÞ; ð4:16Þ

are shown in Figure 4.9 and are of the order of Z2"3. The function of the nucleus
is to absorb the recoil energy and so ensure that energy and momentum are
simultaneously conserved (recall the discussion of Feynman diagrams in Chapter 1).

There are also contributions from bremsstrahlung in the fields of the atomic
electrons, each of the order of "3. Since there are Z atomic electrons for each
nucleus, these give a total contribution of the order of Z"3, which is small
compared with the contribution from the nucleus for all but the lightest elements.
A detailed calculation shows that for relativistic electrons with E % mc2="Z1=3,
the average rate of energy loss is given by

!dE=dx ¼ E=LR: ð4:17Þ

The constant LR is called the radiation length and is a function of Z and na, the
number density of atoms/cm3 in the medium. Integrating Equation (4.17) gives

E ¼ !E0 exp !x=LRð Þ; ð4:18Þ

where E0 is the initial energy. It follows that the radiation length is the average
thickness of material that reduces the mean energy of an electron or positron by a
factor e. For example, the radiation length in lead is 0.566 cm.
From these results, we see that at high energies the radiation losses are

proportional to E=m2
p for an arbitrary charged particle of mass mp. On the other

Figure 4.9 Dominant Feynmandiagrams for thebremsstrahlungprocess e! þ ðZ; AÞ! e!þ ! þ ðZ; AÞ
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3. Particle Interactions with Matter

‣For relativistic electrons, the radiative energy loss is given by: 

‣where LR is a constant, known as the radiation length, which depends on Z 
and na (number of atoms per unit volume). Integrating: 

‣where E0 is the initial energy. Generally -dE/dx = CE/m2
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3. Particle Interactions with Matter

‣Photons will also have a probability of being scattered/absorbed by matter 

‣For a beam with I photons per second traversing a small thickness of matter:electron bremsstrahlung, as can be seen by comparing the Feynman diagrams
shown in Figures 4.9 and 4.11.
The cross-section for pair production rises rapidly from threshold, and is given

to a good approximation by

!pair ¼
7

9

1

naLR
; ð4:22Þ

for E" $ mc2=#Z1=3, where LR is the radiation length. Substituting these results
into Equation (4.21), gives

IðxÞ ¼ I0 expð%7x=9LRÞ; ð4:23Þ

so that at high energies, photon absorption, like electron radiation loss, is
characterized by the radiation length LR.

Figure 4.10 Total experimental photon cross-section !" on (a) a carbon atom, and (b) a lead
atom, together with the contributions from (a) the photoelectric effect, (b) Rayleigh (coherent
atomic) scattering, (c) Compton scattering, (d) pair production in the field of the nucleus, and
(e) pair production in the field of the atomic electrons (adapted from Ei04, copyright Elsevier,
with permission)

Figure 4.11 The pair production process " þ ðZ; AÞ ! e% þ eþ þ ðZ; AÞ
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hand, the ionization energy losses are only weakly dependent on the projectile
mass and energy at very high energies. Consequently, radiation losses completely
dominate the energy losses for electrons and positrons at high enough energies, but
are much smaller than ionization losses for all particles other than electrons and
positrons at all but the highest energies.
Taking into account the above and the results of Section 4.3.2, we see that at low

energies, particles with the same kinetic energy but different masses can have
substantially different ranges. Thus, for example, an electron of 5MeV has a range
that is several hundred times that of an !-particle of the same kinetic energy.

4.3.4 Interactions of photons in matter

In contrast to heavy charged particles, photons have a high probability of being
absorbed or scattered through large angles by the atoms in matter. Consequently, a
collimated monoenergetic beam of I photons per second traversing a thickness dx
of matter will lose

dI ¼ "I
dx

"
ð4:19Þ

photons per second, where

" ¼ ðna#$Þ"1 ð4:20Þ

is the mean free path before absorption or scattering out of the beam, and #$ is
the total photon interaction cross-section with an atom. The mean free path " is
analogous to the collision length for hadronic reactions. Integrating Equation (4.19)
gives

IðxÞ ¼ I0e
"x=" ð4:21Þ

for the intensity of the beam as a function of distance, where I0 is the initial
intensity.
The main processes contributing to #$ are: Rayleigh scattering, in which the

photon scatters coherently from the atom, the photoelectric effect, in which the
photon is absorbed by the atom as a whole with the emission of an electron;
Compton scattering,8 where the photon scatters from an atomic electron; and
electron–positron pair production in the field of a nucleus or of an atomic electron.
The corresponding cross-sections on carbon and lead are shown in Figure 4.10,
where it can be seen that above a few MeV the cross-section is dominated by pair
production from the nucleus. The pair production process is closely related to

8Arthur Compton shared the 1927 Nobel Prize in Physics for the discovery of the increase in wavelength that
occurs when photons with energies of around 0.5–3.5MeV interact with electrons in a material – the original
Compton effect.
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3. Particle Interactions with Matter

‣The mean free path before absorption is: 

‣where σγ is the cross section for such a process. Integrating: 

‣where I0 is the initial intensity.
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4. Particle Detectors

‣Gas detectors detect the ionization produced when a charged particle passes 
through a gas. 

‣Typical energy needed to produce an electron–ion pair is 30±10 eV 

‣The ionized particles are then made to drift to regions where their signal can be 
detected. 

‣ALICE Time Projection Chamber (TPC) is the world’s largest gas detector!
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4. Particle Detectors
‣In the ionization chamber, voltages are small, they typically have a uniform 
electric field e.g. 1.4 kV/m. Ionized particles will drift towards the proportional 
region.
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4. Particle Detectors

‣Voltages are needed to amplify 
number of ionized particles

in general use and they have been superceded by electronic detectors.10 In particle
physics experiments being planned at the new accelerators currently being built,
gas detectors themselves are being replaced by a new generation of solid-state
detectors based on silicon.
To understand the principles of gas detectors we refer to Figure 4.12, which

shows the number of ion pairs produced per incident charged particle (the gas

10These early detector techniques produced many notable discoveries and their importance has been
recognized by the award of no less than five Nobel Prizes in Physics: a share of the 1927 Prize to Charles
Wilson for the invention and use of the cloud chamber; the 1948 Prize to Patrick Blackett for further
developments of the cloud chamber and discoveries made with it; the 1950 Prize to Cecil Powell for
development of the photographic emulsion technique and its use to discover pions; the 1960 Prize to Donald
Glaser for the invention of the bubble chamber; and the 1968 Prize to Luis Alvarez for developing the bubble
chamber and associated data analysis techniques resulting in the discovery of a large number of hadronic
resonances.

Figure 4.12 Gas amplification factor as a function of voltage V applied in a single-wire gas
detector, with a wire radius typically 20mm, for a strongly ionizing particle (!) and a weakly
ionizing particle (electron)
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4. Particle Detectors

‣In the proportional region, the electric field is much greater (107 V/m) 

‣The ionized particles accelerate rapidly and produce secondary ionizations. 

‣The readout pads then collect these electrons, producing a measurable voltage 
pulse, which is recorded as a function of time
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4. Particle Detectors
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4. Particle Detectors
‣In some materials, the interaction of charged particles produces many photons. 
Scintillators can be used to detect these. 

4.4.2 Scintillation counters

For charged particles we have seen that energy losses occur due to excitation and
ionization of atomic electrons in the medium of the detector. In suitable materials,
called scintillators, a small fraction of the excitation energy re-emerges as visible
light (or sometimes in the UV region) during de-excitation. In a scintillation
counter this light passes down the scintillator and onto the face of a photodetector –
a device that converts a weak photon signal to a detectable electric impulse. An
important example of a photodetector is the photomultiplier tube, a schematic
diagram of which is shown in Figure 4.15.

Electrons are emitted from the cathode of the photomultiplier by the photo-
electric effect and strike a series of focusing dynodes. These amplify the electrons
by secondary emission at each dynode and accelerate the particles to the next
stage. The final signal is extracted from the anode at the end of the tube. The
electronic pulse can be shorter than 10 ns if the scintillator has a short decay time.
The scintillation counter is thus an ideal timing device and it is widely used for
‘triggering’ other detectors, i.e. its signal is used to decide whether or not to
activate other parts of the detector, and whether to record information from the
event. Commonly used scintillators are inorganic single crystals (e.g. caesium
iodide) or organic liquids and plastics, and a modern complex detector in particle
physics may use several tons of detector in combination with thousands of
photomultiplier tubes.13 The robust and simple nature of the scintillation counter

Figure 4.15 Schematic diagram of the main elements of a photomultiplier tube (adapted from
Kr88, copyright John Wiley & Sons)

13For example, the Super Kamiokande experiment mentioned in Chapter 3, which detected neutrino
oscillations, although not using scintillation counters, has 13 000 photomultiplier tubes.
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4. Particle Detectors

‣Semiconductor detectors, e.g., ALICE ITS, involve the detection of electron-hole 
pairs created by the passage of a charged particle.  

‣Voltage is applied across the detector (creating an electric field), and the 
electrons and holes drift to the electrodes, producing a measurable current or 
pulse 

‣Have advantage of being fast, but are more complex to build compared to gas 
detectors. 
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4. Particle Detectors

‣Charged particles leave tracks either via ionization trails and/or hits in multiple 
semiconductor detectors. 

‣A magnetic field is almost always used to determine the momentum of a track via 
p=0.3Bρ, since its radius of curvature is known.  

‣ALICE uses a warm magnetic field with 0.5 T 
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4. Particle Detectors

‣Timing detectors (ALICE TOF) can be used to determine mass of charged 
particle via a measurement of the track velocity ( ).β = v/c
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4. Particle Detectors
‣Calorimeters are detectors used to measure the energy and position of 
particles. They are capable of detecting neutral particles indirectly, by 
measuring the charged secondary particles produced in interactions, and they 
respond very quickly. 

‣Electromagnetic calorimeters (ECAL): Measure electrons, positrons, and 
photons. Detect the particle showersproduced by bremsstrahlung, pair 
production, or absorption 

‣Hadronic calorimeters (HCAL): Measure hadrons (protons, neutrons, pions) by 
detecting hadronic showers produced in the detector material. 
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4. Particle Detectors

‣ALICE is the largest nuclear physics experiment in the world in terms of 
collaboration membership… 
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5. Summary and fun facts

‣Discoveries by heavy-ion physics are very prominent at CERN in 2025. 

‣Almost half the articles come from 17% of the heavy-ion physicists at LHC 
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Back-up: The Quark Gluon Plasma (QGP)

‣When a nucleus is compressed and heated, a QGP forms 
✓Quarks are no longer localized within protons and neutrons
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Back-up: Why is the Quark Gluon Plasma (QGP) interesting?

‣Early universe would have been in the QGP state 
‣The core of neutron stars may contain a QGP


