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Introduction

Beamline for Schools (BL4S) is a physics competition for high-school students
from all around the world organised at CERN, the European Laboratory for Parti-
cle Physics, in Geneva, Switzerland, and DESY, the German Electron Synchrotron, in
Hamburg, Germany. Teams of high school students can propose an experiment that
they want to perform at a beamline, that is, a part of a particle accelerator.

In 2025 there will be three winning teams. Two teams will perform their experi-
ments at CERN and one team will be invited to DESY. The organizers of BL4S will
decide which winning team goes where to make sure that each team will be assigned
to the laboratory that best matches the requirements of their proposal.

In this document you will learn more about the properties of the beams at CERN
and DESY and the detectors and instruments available for your experiments.

Starting from scratch

When you first meet with your team members, you don’t need to know much about
particle physics, detectors, data acquisition or analysis. Your curiosity and your wish
to learn new things will bring you a long way!

For designing your experiment, your first steps are to understand how particle
physics experiments at accelerators typically work and to find an interesting research
idea for you. What are you curious about? What would you like to learn more about?

It is not necessary to propose a very ambitious experiment to succeed in the BL4S
competition. We are looking for experiment proposals that are creative and feasible
and that follow a scientific method. Get inspired by the proposals of the previous
winners and by the document listing the BL4S example experiments. This document
provides you with short descriptions of different experiments that you could conduct
with the beam and detectors available for BLAS. We encourage you to use them in
your proposals!

Once you have an experiment idea, investigate - with the help of this document
- whether it is feasible: Could the experiments be conducted with the beam and de-
tectors available for BL4S or with material that you can provide? Are the detectors
precise enough? What problems could compromise the measurement and what are
possible solutions to overcome them?

We encourage you to reach out for support to experts in your local university
and to the BL4S contact people from all over the world who are happy to interact
with you and to provide you with additional information and advice.

Finally, tell us in your proposal your research idea, what parameters you would
like to measure, how you will do it, which problems you might encounter, and how you
suggest to overcome potential problems. The evaluation of your experiment proposal
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will take into account the following criteria:

» Motivation to participate in BL4S

Motivation of the experiment

Scientific method

Feasibility of the experiment

Creativity of the experiment

Physics experiments at particle accelerators

Particle accelerators can accelerate electrically charged particles, such as electrons,
protons or different ions. Acceleration means to change the speed or the direction of
movement of the particles. When a particle’s speed is increased, also its energy is
increased. Usually, particle accelerators accelerate very many particles at the same
time. We call all these particles together the beam. That is, the term "beam” refers
to a large number of particles moving in the same direction. There are two types
of experiment setups possible at particle accelerators: fixed-target experiments or
collision experiments.

In a fixed-target experiment the physics focus is on the interaction between the
beam (i.e. a large number of particles moving in the same direction) and a target at
rest. The interaction can happen when the beam moves through a target or when it
moves very close to it. The target can be a solid, liquid or gaseous material. Fixed-
target experiments can have multiple purposes: investigating the beam itself, its inter-
action with matter or testing out a new detector. Fixed-target experiments happen at
so-called beamlines. The term "beamline" refers to a straight section of a particle ac-
celerator leading the particles to an experimental area. Each beamline can host one
or more experiments, and has specific properties that need to be taken into account
when designing an experiment.

In a collision experiment the physics focus is on the interaction between two
beams. These beams travel in opposite directions at nearly the speed of light before
colliding with each other, for example, at the Large Hadron Collider (LHC).

In Beamline for Schools you can only conduct fixed target experiments with
different types of electrically charged particles (see Beamlines). Please consider this
when designing your experiment.

The beam used for the BL4S experiments at CERN doesn’t contain neutral par-
ticles.! Yet, the interaction of the beam with a target may produce neutral particles

LAltough neutral particles are created at the target, they cannot reach the experimental area as
neutral particles are not affected by the bending magnets that steer the beam to the experimental area.
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(e.g. neutrons, neutrinos). Most of our detectors are not able to detect neutral parti-
cles; one notable exception is the WENDI detector for neutrons.

Commonly used units

Particle physicists often use units other than the Sl units Joule and Kilogram to ex-
press energies or masses. In particle physics, energies are given in the unit electron-
volt, short eV, which is the product of the elementary charge e and the unit of voltage
V. The eV is defined as the energy gained by one electron accelerated by a potential
difference of 1 V. For example, the maximum energy of the protons accelerated in the
LHC is 6800GeV, where 1GevV =1 10°ev=1.6 107 Joule.

Moreover, particle masses are given in the unit eV/c?, where c is the speed of
light (i.e. the speed of photons). For example, the mass of electrons is 511 keV/c?,
the mass of protons is 938 MeV/c?, and the Higgs boson mass is 125 GeV/c?, where
1GeV/c? = 1.783 107?"kg. This unusual unit makes it much easier to know how
much collision energy is needed to create a certain type of particle. For example, a
collision energy of at least 125 giga-electronvolts (GeV) is needed to create one Higgs
boson.

The unit for momentum is eV/c. Note that physicists often talk about momentum
instead of energy. Luckily, you can rather easily convert momentum to energy and
vice versa using the speed of light (c).

Time is usually measured in nanoseconds (ns), where 1ns = 10™°s, which is the
time it takes for photons to move a distance of 30 cm.

Commonly used equipment

Several devices are used to detect and identify particles, and to measure their prop-
erties (e.g. trajectory or energy). Commonly used devices are:

 Scintillation detectors are used to detect electrically charged particles. When-
ever such a particle passes through the scintillation detector, you get an elec-
tric signal. Scintillation detectors answer the question "did a particle pass
through?".

» Cherenkov detectors also detect electrically charged particles. In addition,
they can provide information on some properties (e.g. speed) of the parti-
cles. Hence, Cherenkov detectors answer the questions "did a particle pass
through and what kind of particle was it?".

» Trackers are 2D or 3D (two- or three-dimensional) detectors. Hence, they mea-
sure the position of an electrically charged particle within the sensitive area of
the detector. They answer the question "where did a particle pass through?"'.
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» Magnets modify the trajectory of electrically charged particles according
to their electric charge and their velocity (Lorentz force). Therefore, they can
separate particles with opposite electrical charges or, if combined with tracking
detectors, give information about a particle’s momentum. Hence, magnets are
usually used together with trackers.

» Electromagnetic calorimeters measure the energy of electrons, positrons,
and photons. They answer the question "what is the energy of the particle?".

Please note that no detector is perfect. The detectors will even give you signals
when no particle passes through. We call this "noise". One way of eliminating noise
is to combine the signals of two detectors in a coincidence module. You do not need
to use all the above listed detectors to conduct your experiment. You can also
bring your own detector, if required for your experiment.

Exemplary experimental setup

Figure 1 shows an example of the experimental setup of a fixed-target experiment at
a beamline, particularly the setup of the "Teomitzli Team"”, one of the winners of the
2021 edition of BL4S at DESY. The goal of their experiment was to test a Cherenkov
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Figure 1: The experimental setup of one of the winning teams of the 2021 edition
of BL4S, the "Teomitzli team". The beam comes from the right hand side. First, it
crosses a scintillator (1.); then, 2 trackers (2.); and the newly designed detector (3.).
Finally, it crosses another pair of trackers (4.) and another scintillator (5.).

detector that they had designed. First, the incoming beam (coming from the right
hand side of the picture) passes through a scintillation detector that can indicate that
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a particle passed through (1.); then, through two trackers that can indicate where a
particle passed through (2.); followed by the newly designed detector that the team
wanted to test (3.); another pair of trackers that can indicate where a particle passed
through (4.); and through another scintillation detector that can indicate that a particle
passed through (5.). Both scintillation detectors combined in a coincidence module
are used to generate the trigger signal for the data acquisition, making sure that only
particles are considered that passed through the full setup.

Data acquisition

When an electrically charged particle passes through a detector (e.g. scintillator), an
analogue electrical signal (e.g. a voltage) is generated (see Basic principles of particle
detection) and transformed into a digital signal by means of some special electronic
modules. These signals are the data that we want to analyse. Particle physics exper-
iments produce a huge amount of data. Hence, a data acquisition system is required
to decide which data should be read out . Ideally, only the data relevant for the
physics phenomenon you are interested in (i.e. the data you need to answer your
research questions) is read out. Hence, a very important part of the data acquisition
system is the trigger . Its role is to identify interesting interactions - usually called
“events” - and, if there is an interesting event, to instruct the computer to read out the
data from all the detectors.?

The trigger is usually built by combining the signals from some of the detectors.
The trigger might, for example, require signals from two or more scintillators along the
beam path in coincidence to indicate that a particle passed through the full setup. For
example, in the setup shown in Figure 1 the two scintillators - (1.) at the beginning
of the beam path through the setup and (5.) at the end - are used as trigger. When
a trigger occurs, data from all detectors are read out and sent to a mass storage,
usually a hard disk. This mechanism is very similar to when you take a picture with a
digital camera. When the shutter-release button is pressed (=trigger), photons hit the
sensitive area of the camera (=detector), the photons are ultimately transformed into
a digital signal (=data), and this data is stored on the mass storage. One difference is
that in the case of BL4S, the exposure time is only about 100 ns.

We do not expect you to design the data acquisition system to trigger and read
out the detectors of your experiment. BL4S will provide a data acquisition system for
the winning experiments.®> For example, at CERN this system is fast enough to trace

2The trigger is a fundamental and very complex component of LHC experiments, where interaction
rates are very high and only a very small fraction of the interactions are of interest. For example, a
Higgs boson is only produced in one out of a trillion interactions (where one trillion is 10'?).

3The data acquisition system also provides tools for the online monitoring of the experiments in the
form of histograms.




typically 3000 particles per second - Please keep this limit in mind and do not propose
experiments that study extremely rare effects!

Data Analysis

For answering your research question, you will need to analyse the data collected
with the different detectors in your experiment. Dedicated software has been devel-
oped at CERN, DESY, and elsewhere to analyse experimental data. The analysis
software typically used in BL4S is based on a framework called ROOT, see Figure 2.
ROOT is used by many physics laboratories all over the world. However, you don't
need to get familiar with the data analysis tools, when preparing your proposal. BL4S
will provide the winning teams with the software needed to analyse the collected data,
as well as some code for and assistance with the data analysis.

Figure 2: Screenshot of a typical Jupyter notebook using the Python interface to per-
form data analysis with ROOT.




Beamlines

In particle physics, the term "beam" refers to a large number of particles moving in
the same direction. These particles can be accelerated to high energies. Beamlines
are straight sections of a particle accelerator leading the particles to an experimental
area. In such experimental areas xed-target experiments are conducted. Below
we rst describe the beam properties at DESY and CERN. Then, we describe two
important devices used to shape the beam, namely bending magnets and collimators.

Beam properties at DESY

The beam used in BL4S at DESY is a pure electron beam or a pure positron beam
with energies ranging from 1 to 6 GeV. You can choose the properties of the beam
needed for your experiments:

« Particle type : electrons or positrons.
» Particle momentum : any value between 1 GeV/c and 6 GeV/c.

* Momentum spread : typically, the momentum spread is around 0.15 GeV/c.

Beam composition and intensity

The number of particles making up the beam depends on the secondary target used
when creating the beam (see Beam production (optional reading)), the selected mo-
mentum and the type of particle. For example, gure 3 shows the typical rates (i.e.
the number of particles per unit of time) of electrons available in the experimental area
at DESY depending on the different particle momenta for different secondary targets.
Please note that the particles are moving at almost the speed of light and are, hence,
relativistic. The beamline at DESY usually provides one particle at a time . The par-
ticles arrive continuously within a 80 ms cycle, depending on the chosen energy. At
high energy one receives particles, for example, for 20ms and then not for 60ms, and
so on; while at low energy one receives particles, for example, for 50ms and then not
for 30ms, and so on. In sum, the rate is much lower at high energy  than at low
energy. Please note that experiments that require a large number of particles (i.e. for
irradiation of materials, for collecting enough data for statistical purposes, to search
for rarely occurring phenomena, etc.) are better suited for CERN since the overall
number of particles can be much higher there.

The beam has a round cross section. The diameter of the beam is 2 cm when
entering the experimental area. Similar to what happens with light, the further away
the beam is from the entrance window, the more it spreads, that is, the diameter
becomes wider.




Figure 3: Typical rate of the single electron beam in the experimental area at
DESY depending on the particle momentum. Rates are shown for different types and
thicknesses of the secondary target.

The experimental area at DESY

The BL4S experiments at DESY take place in the DESY Il Test Beam Facility . The
experimental area has a size of about 5m  10m. In this experimental area, the de-
tectors and other equipment can be placed according to the needs of your experiment.
In the experimental area there are some xed installations, such as a big red magnet
(see The big red dipole magnet at DESY).

Beam production (optional reading)

The particle accelerator is called DESY Il and it is a Synchrotron accelerating elec-
trons up to an energy of 6.3 GeV. Figure 4 shows how the beam is generated at the
DESY Il Test Beam Facility.

Inside of the DESY Il accelerator, Bremsstrahlung photons are produced by putting
atarget, called primary target, into the electron beam. The primary target consists of a
7 um thick carbon bre. When the electrons move through the target, they lose some
of their kinetic energy. This energy is transformed into photons, respecting the law
of energy conservation. The photons move towards another target, called secondary
target. The secondary target is made of a few mm thick metal plates. When the
photons move through the target, their energy is transformed into pairs of electrons
and positron, again respecting the law of energy conservation. The electron/positron
pairs then pass a dipole magnet followed by a collimator (see Bending magnets and
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Figure 4: Sketch of the beam production at DESY II.

Collimators). By changing the eld strength of a dipole magnet and the opening of
the collimator placed after the magnet, one can choose the properties of the beam
in the test beam area: One can either have a pure electron beam or a pure positron
beam with momenta ranging from 1 to 6 GeV/c. It is not possible to have a beam of
photons.

Beam properties at CERN

The beam used in BL4S at CERN is made of different types of particles and it is,
hence, a mix of different types of particles . The beam's momentum ranges from
0.5to 15GeV/c.

Beam composition and intensity

The beam is characterized by the ux , that is, the number of particles per unit of time
and area. Since the beam for BL4S at CERN is made of different types of particles,
there is a ux for each particle type. Based on the ux per particle type one can
draw conclusions about the composition of the beam. Figures 5a and 5b show the
composition of positive and negative beams , respectively?. The negative beam
is composed of negatively charged particles: electrons, antiproton, pions, kaons and
muons. The positive beam is composed of positively charged particles: positrons
(=anti-electrons), protons, pions, kaons and muons.® The Flux of the different particle
types depends on their momentum and on their type.

4Please note that these plots stop at 10 GeV/c but the beam can reach a momentum of 15 GeV/c.
The reason is that this testbeam facility has been upgraded in 2020/2021 and an updated version of
the plot is not available yet. Nevertheless, the data shown by the plots are still valid.

5To learn more about these particles we suggest you to watch this video or to take a look at
Wikipedia.
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(a) The ux of positive particles present in the (b) The ux of negative particles present in
beam as a function of their momentum. the beam as a function of their momentum.

Figure 5: The Flux (i.e. the number of particles per unit of time and area) of (a)
positive and (b) negative particles in the beam as a function of their momentum. The
ux is calculated over a time of 400 ms, and the most important information that you
should retain from this plot is relative number of particles of different types for the
different momenta . Note that muons are not in these graphs as they are created via
pion or kaon transformation.

(a) Positively charged particles (b) Negatively charged particles

Figure 6: The fraction of the different particle types making up the beam (i.e. how
many particles of one type there are relative to the other types) for (a) positively and
(b) negatively charged particles as a function of their momentum with the hadron rich
target. Note that muons are not in these graphs as they are created via pion or kaon
transformation.
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Figure 5b shows that a beam of negative particles with a momentum of 4 GeV
contains 450 antiprotons, 10000 Electrons and Kaons and 150000 pions per
400 ms. Please note that it is not possible to have a beam of neutral particles (e.g.
photons).® The fraction of the different particle types making up the beam (i.e.
how many particles of one type there are relative to the other types) as a function of
the beam momentum with the hadron rich target is shown in Figures 6a (for positive
particles) and 6b (for negative particles).

For example, a fraction of 0.3 means that 30% of particles making up the beam are
of one type (e.g. at 2 GeV/c the positively charged beam is made up of 30% positrons
and 30% pions, see Figure 6a). The Figures 6a and 6b have been produced after the
recent renovation of the test beam facility at CERN and complement Figures 5a and
5b.

Keep in mind that Kaons and Pions transform into other particles along their path
to the test beam area. For example, Pions transform into muons (with a characteristic
half life time of 26 nanoseconds). Therefore, the beam contains a certain number
of muons.

Moreover, it is possible to have a very pure electron beam or a very pure
positron beam at CERN with an energy ranging from 0.5GeV to 4 GeV.” In addi-
tion to the mixed beams with relatively small muon fractions, it is also possible to
obtain a relatively pure muon beam  with an energy ranging from 0.5 GeV to 3 GeV.?

The beam at CERN is not continuous in time. The particles arrive as part of a
larger group - we say they arrive in "spills " - which typically lasts approx. 400 ms.
Within such a spill, the particles still pass through our experimental area and your
setup one by one. You can typically expect to receive 1-3 spills per minute (see
Figure 7).

The overall number of particles can be much higher at CERN than at DESY, easily
reaching 10* to 1P particles in one spill for certain con gurations. Therefore, exper-
iments that require a large number of particles (i.e. for irradiation of materials, for

6The relative number of particles can be modi ed by changing the target used to create the beam.
One type of target provides a beam richer in hadrons, the other type provides a beam richer in elec-
trons. However, we usually cannot chose the target.

"To create a pure electron/positron beam the beam of charged particles is de ected away with two
bending magnets and only the neutral photons (in the gamma range with energies above 0.5 GeV) are
selected. Following this, a converter consisting of 5 mm of lead is placed in their path and convert them
into electron/positron pairs. Finally, the magnets and collimators of the beamline are tuned to select
either the electrons or positrons of energies ranging between 0.5 GeV and 4 GeV. Using this method,
at energies <3 GeV the electron purity is > 90%.

8Muons tend to interact much less with matter than other particles, hence, by closing the collimator
(i.e. by putting an obstacle in the path of the beam) one can stop all the particles except for muons. By
tuning the beamline's magnets and collimators one can select different momenta of the muon beam.
However, a high purity (80- 90%) muon beam is only available with energies up to 3 GeV. Above that,
other particles are also present in increasing numbers and have to be accounted for.
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