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1 Introduction41

In recent years, high-school physics curricula increasingly include topics related to modern high-42

energy physics and particle detectors. Universities and research centers promote several programs43

to bring high-school students in touch with modern physics and the scientific research. The Liceo44

Scientifico “A. Scacchi” in Bari has taken part in such projects for years, and in 2021 the school45

promoted the participation of a team of students of the 12Cℎ and 13Cℎ grade in the Beamline for46

Schools (BL4S) competition.47

BL4S is organized by CERN in collaboration with DESY, and offers to groups of high-school48

students the unique opportunity to propose a scientific experiment at a particle accelerator facility49

and to win a trip to perform it. Because of the maintenance of CERN accelerators, the experiment50

was performed at the DESY II Test Beam facility in Hamburg. The students, coordinated by their51

physics teachers and under the supervision of experienced researchers from the Physics Department52

of the Bari University and from the INFN Unit in Bari, won the competition.53

The goal of the experiment conceived by the team was to study the transition radiation emitted54

by fast electrons and positrons crossing different kinds of radiators. This paper provides a short55

presentation of the BL4S competition and presents the experiment and the result obtained by the56

team during their beam time in Hamburg in September 2021.57

2 The BL4S competition58

Beamline for Schools (BL4S) [1] is a physics competition organised by CERN and DESY, which59

invites high-school students from all over the world to propose an experiment to be performed at a60
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particle accelerator. Each team has to write an original scientific proposal, explaining the theoretical61

background of the selected topic, and describing both the procedure to carry it out at a test beam62

facility and the results that they expect to find. A jury of experts, including scientists of CERN63

and DESY, review the proposal and select two teams (three from 2022 on) that win a trip to a fully64

equipped beam line of a particle accelerator.65

From 2014 to 2018 the winning experiments took place at the test beam area of the CERN66

Proton Synchrotron (PS) accelerator. In 2019 the competition moved to the DESY II Test Beam67

Facility (Hamburg, Germany) [2]. The partnership between CERN and DESY allowed BL4S to68

continue during the three-year long shutdown of the CERN accelerator complex for upgrade and69

maintenance.70

The competition is structured in several preparatory phases, which include conferences and71

meetings with the organisers. Once the competition is announced, usually in Autumn, interested72

teams start preparing their proposals. Teams can include students either from the same school or73

from different schools. Having teams representing two schools or more is not unusual. During74

the proposal preparation, students are involved in an intense research project. After the conception75

and design of their experiment, the participants must write a well structured proposal and submit76

it on time. The students are not alone in this process, but they are guided by their coaches, who77

provide them with details on particle physics and teach them the necessary technical skills. Team78

coaches can be teachers, parents or scientists of local universities. It is important that students are79

well aware of each scientific detail of the proposed experiment, so that the theoretical background is80

clear and solid. The students are required to write down in detail how they intend to use the particle81

beam for their measurements and which equipment and detectors they need. Moreover, participants82

often complement their theoretical hypothesis with computer simulations. In fact, it is fundamental83

that students acquire the rudimentary programming skills that will be required in case of victory.84

Lastly, conclusions must contain the team’s expectations and motivation, which play a significant85

role in the jury’s decision. The BL4S organisers are always available to answer questions that the86

teams might have during the preparation of their proposals. Many teams contact them to discuss87

the feasibility of their experiments or practical problems that they encounter.88

In the final phase of the competition, a jury consisting of more than 50 volunteers selects89

the teams that are invited to a research institute to perform their experiment together with support90

scientists. Prior to the visit, the winning teams work remotely with the BL4S scientists to refine91

their experiments and perform a detailed planning.92

The beam time of the winning teams usually happens just after the summer, and the students93

have 12 full days of access to the experimental area to perform their measurements, supervised by94

the support scientists. During their stay, they work as a team of professional scientists would do95

and they complement their scientific experience with visits and lectures.96

After taking the data at the beam line, the teams are encouraged to analyse their data to answer97

the scientific question of the initial proposal, and to write a paper. During this phase, the team98

members stay in close contact with the BL4S support scientists and the team coaches.99
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Figure 2. Pictures of the experimental setup.
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Radiator Foil/gap material d1 (`m) d2 (`m) N 5

EXTRA polyethylene/air 23 500 150

INFN polyethylene/air 25 300 155

CERN polyethylene/air 25 240 190

Table 1. Parameters of radiators used in the beam test: 31 and 32 are the thickness of the foils and the gap

respectively; # 5 is the number of foils.

Radiator distance ( cm) Beam particle Beam momenta ( GeV/c)

EXTRA

40.5 4− 1, 2, 3, 4, 5, 6

88.0 4− 1, 2, 3, 4, 5, 6

132.0 4− 1, 2, 3, 4, 5, 6

INFN 88.9 4− 1, 2, 3, 4, 5, 6

CERN 88.4 4−/4+ 1, 2, 3, 4, 5

Table 2. Summary of the data taking configurations. For each radiator the beam particle, their momenta and

the distance between the radiator and the X-ray detector are reported.

for TR production (usually WCℎA ∼ 500 ÷ 1000), and the simultaneous measurement of the energies127

and of the emission angles of TR X-rays can help to discriminate among different hadron species.128

Our measurements were performed at the DESY II Test Beam Facility [2] area TB21, using129

a beam of either electrons or positrons with momenta in the range from 1 to 6 GeV/c. A scheme130

of the setup is shown in Fig. 1, while pictures of the setup are shown in Fig. 2. The radiator is131

followed by a Timepix3 assembly containing a thin silicon pixel sensor, which is used to detect the132

TR X-rays. A downstream beam telescope, composed by an array of six silicon pixel detectors, is133

used to reconstruct the tracks of the beam particles [12]. A set of two trigger scintillators, located134

downstream of the last plane of the beam telescope, is used for triggering the data acquisition.135

In our experiment we used three different radiators, which in the following will be labelled136

as "EXTRA", "INFN" and "CERN" respectively. Their features are summarized in Tab. 1. In137

particular, the EXTRA radiator was assembled for this measurement by the students at the Liceo138

Scientifico "A. Scacchi" in Bari. Fig. 3 shows some picture taken during the assembly of this139

radiator. The INFN and CERN radiators were borrowed from the Bari INFN Group and were used140

in a beam test campaign performed in 2006 [13].141

With these radiators, several measurements were performed, changing the beam composition142

and momentum, and the distance between the radiator and the X-ray detector. The different data143

taking configurations are summarized in Tab. 2.144

The TR X-rays were detected by a 100 `m thick silicon sensor, bump-bonded to a Timepix3145

readout chip [14], consisting of a pixel matrix of 256×256 pixels with a pitch of 55 `m. This silicon146

detector assembly was placed such that the sensor faces the radiator to mitigate prior absorption in147

the readout chip. The sensor of the assembly with the ID W5_E2 was operated at a bias voltage of148

−21 V to ensure full depletion [15].149

The pixel pitch of the silicon sensor and its distance from the radiator determine the minimum150
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Figure 3. Assembly of the EXTRA radiator at the Liceo Scientifico "A. Scacchi".

detectable angular separation \<8= of TR X-rays from the direction of the radiating particles, as151

they should be separated by at least one pixel. Its value is in fact given by \<8= & F/3, where152

F = 55 `m is the pixel pitch and 3 is the distance of the silicon detector from the radiator. We153

also remark that a fraction of the TR photons emitted at angles \ . 3F/3 from the particles will be154

suppressed, since the particles can yield detectable signals on clusters of a few adjacent pixels. The155

configurations with larger distances allow to detect smaller angular separations; however, due to the156

X-ray absorption in the radiator and in the air gap between the radiator and the sensor, the number157

of detected TR X-rays will decrease with the distance from the radiator and the angular resolution158

will deteriorate due to multiple Coulomb scattering of the primary particles in air.159

While the TR X-rays are likely absorbed by the front sensor (the photoelectric absorption160

probability for 10 keV X-rays in a 100 `m thick silicon layer is ∼ 54% [16]), the radiating charged161

particles traverse the detector and leave an ionization track in the detectors of the beam telescope,162

which consists of an array of six regularly spaced silicon pixel detectors. By minimizing the space163

in-between the sensor planes, the scattering in air is limited, thus enabling a track resolution of a few164

`m extrapolated to the Timepix3 detector [12], which is more than sufficient for an identification165

of the charged particle among two or more clusters in the Timepix3 detector with cluster distances166

larger than a pixel pitch.167

Finally, the two scintillators, approximately shadowing the size of the telescope sensor planes168

and located at the end of the beam line, are used for triggering the data acquisition.169

The data acquisition was performed using the software framework EUDAQ2 [17], which170
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integrates the control and readout of the Timepix3 assembly and the beam telescope, and features a171

graphical user interface for the configuration of connected devices, starting and stopping runs and172

data storage. An AIDA TLU [18] was used to form a trigger signal as a coincidence of the signals173

from the two scintillators while enabling a busy-handshake with the detectors.174

4 Data analysis175

4.1 Conversion & Clustering176

The raw data contains a collection of hit pixels per detector plane per trigger, which defines a177

so-called "event", including the corresponding pixel addresses; for the data from the Timepix3178

assembly, the corresponding information on the energy deposit, in form of a digitised signal, is179

also stored, while for the beam telescope no charge information is recorded. The collected data are180

converted to the ROOT TTree format [19] using the data analysis framework Corryvreckan [20].181

In addition, this software performs a clustering procedure, which identifies adjacent hit pixels and182

connects them to form a so-called "cluster" under the hypothesis that pixel hits in one cluster are183

caused by a single incident particle. The cluster center, as an estimation on the incidence position184

of the particle, is calculated either as the center-of-gravity using the charge information, or as the185

arithmetic mean of the pixel hit positions in case of binary hit information.186

The energy calibration of the silicon pixel detector is performed assuming that the most probable187

energy loss of 5 GeV/c electrons crossing a 100 `m thick silicon layer is 25.41 keV. This value has188

been calculated using a dedicated Monte Carlo simulation for the calculation of the energy losses189

of charged particles in thin silicon absorbers [21, 22].190

4.2 Detector alignment procedure191

The positions of the clusters in each silicon detector are evaluated in the local detector reference192

frame, with the I-axis oriented along the beam direction and the G − H plane corresponding to193

the detector plane, with the origin in the center of the detector. In the global reference frame the194

I-axis is also directed along the beam direction, and the detectors are disposed on planes parallel195

to the G − H plane, with their centers at the coordinates (G8
0
, H8

0
, I8

0
). Due to mechanical tolerances196

in the assembly of the detectors, the coordinates (G8
0
, H8

0
) are slightly misaligned with respect to the197

reference values (0, 0).198

A dedicated alignment run has been therefore performed to evaluate the coordinates (G8
0
, H8

0
) of199

the centers of the silicon detectors (the index 8 = 0 refers to the Timepix3 sensor, while the indices200

8 = 1 . . . 6 refer to the detectors of the beam telescope). The alignment run has been performed201

removing the radiator from the beam line and using 5 GeV/c electrons.202

We have implemented an iterative alignment procedure selecting a sample of events with only203

one cluster in each silicon detector. This choice is aimed to select events with only one electron204

track across all the detectors. In the first iteration we assume G8
0
= 0 and H8

0
= 0 for all detectors. We205

fit all the tracks with a straight line and, for each track, we evaluate the residuals in each detector as206

A 8G = G8 − G8
5 8C

and A 8H = H8 − H8
5 8C

, where (G8 , H8) and (G8
5 8C
, H8

5 8C
) are respectively the true and fitted207

positions of the cluster in the 8-th detector. We then build the distributions of the residuals A 8G and A 8H208

and, in the next iteration, we set G8
0
= −`8G and H8

0
= −`8H , where `8G and `8H are the average values209
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Figure 4. Distributions of the residuals in the silicon detector equipped with the Timepix3 chip after the

alignment procedure.

of these distributions. The iterative procedure is terminated when |`8G | < 1 `m and |`8H | < 1 `m210

for all detectors. Convergence is reached after the second iteration.211

Fig. 4 shows the distributions of the residuals in the silicon detector equipped with the Timepix3212

chip after the alignment procedure. The RMS of the residual distributions in both the G and H views213

are of about 10 `m.214

Fig. 5 shows the distributions of the direction cosines of the electron tracks in the alignment215

run. We see that the average values of the direction cosines 2G and 2H are slightly different from216

zero. This result implies that the I-axis of our reference frame is not perfectly aligned with the217

direction of the beam. The tilt angle can be estimated from the average value of 2I , and is of about218

5 mrad. Finally, from the values of the RMS of the distributions of 2G and 2H we can deduce that219

the beam divergence is of about 1 mrad in both the G and H directions.220

4.3 Data selection and analysis221

As discussed in Sec. 3, several runs in different configurations have been taken, by changing the222

beam composition and momentum, the radiator and its distance from the silicon pixel detector.223

In each of these runs we have selected events with at least one cluster in the silicon pixel sensor224

and at least 3 clusters in different detectors of the beam telescope. This choice is motivated by the225

need of identifying, among the clusters in the silicon sensor, the one originated by the ionization226

energy deposit of the beam particle and those eventually originated by the absorption of TR X-rays227

produced in the upstream radiator.228

Fig. 6 shows the distribution of the total number of clusters in the detectors of the beam229

telescope for all the runs performed with electrons crossing the EXTRA radiator, which was placed230

at a distance of 88.9 cm from the silicon pixel sensor. As expected, the distribution is peaked at 6231

clusters, corresponding to clean electron tracks, yielding one cluster in each detector. Events with232

less than 6 clusters can be originated from inefficiencies of some detectors in the beam telescope233

or from beam particles which do not cross all the telescope planes. Events with more than 6234

clusters can be originated from delta rays accompanying the primary electron track or from TR235

X-rays passing through the upstream silicon sensor and being absorbed in any detector of the silicon236
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Figure 5. Distributions of the direction cosines of the electron tracks in the silicon detector and in the beam

telescope in the alignment run.

telescope. We also see two peaks, at 12 and 18 clusters respectively, which include less than 1% of237

the total number of events, and which likely correspond to double and triple electron tracks.238

The clusters in the detectors of the beam telescope are used to reconstruct the tracks of the239

beam particles in the telescope. To select events with single electron (positron) tracks, we require240

less than 10 clusters in the beam telescope. Candidate tracks are built by selecting all the possible241

cluster combinations with only one cluster per plane of the telescope. The clusters of each candidate242

track are then fitted with a straight line and the j2 of the fit is evaluated. The track with the best j2
243

is then selected.244

Once the track of the radiating particle in the beam telescope is reconstructed, we evaluate the245

coordinates (GCA02: , HCA02:) of its intersection with the upstream silicon pixel sensor. Then, if more246

than one cluster is found in the sensor, the cluster nearest to the track is associated to the particle247

("particle cluster"), while other clusters are associated to possible TR X-rays ("X-ray clusters").248

Clearly, if only one cluster is found in the silicon pixel sensor, it is associated to the particle and249

no X-rays are detected. Fig. 7 shows the distribution of the distances of the particle clusters in250

the silicon pixel sensor from the track reconstructed in the beam telescope obtained in the runs251

performed with electrons crossing the EXTRA radiator. We see that 94% of the particle clusters252

are within 100 `m from the track and only 0.1% of them are at distances above 500 `m.253
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Figure 6. Distribution of the total number of clusters in the beam telescope for all the runs performed with

electrons crossing the EXTRA radiator, placed at a distance of 88.9 cm from the silicon pixel sensor.

5 Results254

In Figs. 8, 9 and 10 the results obtained in the runs with the EXTRA radiator are summarized. The255

plots in each figure correspond to the configurations with the silicon detector placed at the distances256

of 40.5 cm, 88 cm and 132 cm from the radiator respectively. The plots are built selecting events257

with the particle cluster inside a square of a 3 × 3 mm2 area, in the centre of the Timepix3 detector.258

All the distributions shown in the above plots are normalized to the total number of selected events.259

The top panels of each figure show the distributions of the relative positions of the TR X-260

rays (evaluated from the X-ray clusters) with respect to the radiating electron (evaluated from the261

particle cluster). As expected, TR photons tend to accumulate in rings centered on the position of262

the radiating particle and the number of photons per electron increases with the beam momentum263

(and consequently with the Lorentz factor of the radiating particles).264

The central panels show the distributions of the TR X-ray energies as a function of their265

angular separation from the radiating particle. Most X-rays are emitted at angles \ . 2 mrad from266

the radiating particle, with energies peaked at energies < 10 keV. A second peak of X-rays emitted267

at angles ∼ 3.5 mrad and with the same energies as the first peak can also be seen, and it becomes268

more evident as the beam momentum increases.269

Finally, the bottom panels show the energy distributions of the absorbed TR X-rays compared270

with the distributions of the energies deposited by the parent electrons in the Timepix3 detector.271

As discussed in Sec. 4.1, the energy losses of the electrons follow Landau distributions with a most272

probable value of 25.4 keV, while X-ray energies are peaked at less than 10 keV. We see that the273

area of the X-ray energy spectra increases with increasing electron momentum. This behaviour is274
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Figure 7. Distribution of the distances of the "particle clusters" from the track in the silicon sensor for the

runs performed with electrons crossing the EXTRA radiator, placed at a distance of 88.9 cm from the silicon

pixel sensor.

expected since the spectra are normalized to the total number of electrons and the TR yield increases275

with the Lorentz factor of the radiating particle.276

A summary of the results obtained in all the configurations explored is shown in Fig. 11.277

The average number of detected TR X-rays per electron is shown as a function of the beam278

momentum. We see that for all configurations the number of detected photons increases with the279

beam momentum and saturates above 4 GeV/c. This behavior is expected, since the threshold280

Lorentz factor for all radiators is WCℎA ≃ 103 and the saturation Lorentz factors are in the range281

4÷5×103. Comparing the results obtained with the EXTRA radiator in the different configurations282

we see that the average number of detected TR X-rays decreases when the radiator-detector distance283

is increased. The increase of the distance causes an increase of the X-ray absorption in the air gap284

between the radiator and the detector, which is not compensated by the lower minimum detectable285

angle between the photons and the radiating particles. We remark here that the results shown in286

Fig. 11 referred to the CERN radiator have been obtained from a joint analysis of the data samples287

collected with both the electron and positron beams (see Tab. 2). This choice is motivated by the288

fact that the separate analyses of the electron and positron data samples yield the same results. This289

feature was expected, since the properties of TR are independent of the sign of the charge of the290

radiating particle.291

The experimental results shown in Fig. 11 are compared with the predictions obtained by292

folding the TR yield, evaluated with the theoretical formulae for regular radiators [4, 23] with the293

X-ray absorption probabilities in the air gap between the radiator and the Timepix3 detector and in294
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6 Conclusions309

In the framework of the BL4S competition we have designed and implemented an experiment to310

measure the TR emitted by fast electrons and positrons crossing different kind of radiators. The311

measurement has been performed at the DESY II Test Beam Facility area TB21, using electrons and312

positron beams with momenta up to 6 GeV/c. We have measured the energy spectra and the angular313

distribution of the TR X-rays using a 100 `m thick pixel silicon detector, with a pitch of 55 `m.314

The experimental results are well reproduced by the theoretical curves obtained from standard TR315

models.316

BL4S has offered the students the chance to be actively involved in all the aspects of an317

experimental research: during the preparation of the proposal, they have learned how to design318

an experimental setup, optimizing the detectors available for the measurement; after their proposal319

was selected, they have been involved in the design and in the assembly of their own radiator; then,320

at DESY, they had the chance to run a real beam test; finally, they have taken part to the analysis of321

the data collected in the test. However, the most important educational result of this experience is322

that the students learned how to apply the scientific approach not only in the field of research, but323

also to the solution of everyday life challenges.324
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