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A B S T R A C T

Growing energies of particles at modern or planned particle accelerator experiments as well as cosmic ray
experiments require particle identification at gamma-factors (𝛾) of up to ∼105. At present there are no detectors
capable of identifying charged particles with reliable efficiency in this range of 𝛾. New developments in high
granular pixel detectors allow one to perform simultaneous measurements of the energies and the emission
angles of generated transition radiation (TR) X-rays and use the maximum available information to identify
particles. First results of studies of TR energy-angular distributions using gallium arsenide (GaAs) sensors
bonded to Timepix3 chips are presented. The results are compared with those obtained using a silicon (Si)
sensor of the same thickness of 500 μm. The analysis techniques used for these experiments are discussed.

1. Introduction

Transition radiation (TR) is produced by a charged particle travers-
ing an interface between two media with different dielectric constants.
For ultra-relativistic particles, the energy of emitted photons extends
into the X-ray region where the TR yield as a function of 𝛾 has a thresh-
old character. This phenomenon is a basis for particle identification
detectors. X-ray TR is peaked in a forward direction (within a few mrad)
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which makes it difficult to separate from the initial charged particle.
Since the number of emitted TR photons per interface in this region
is small (for typical detectors one per 20–30 interfaces) TR radiators
consisting of multiple foils are usually built. Main characteristics of
emitted TR are defined by the foil thickness 𝑙1 and distances 𝑙2 between
foils. The X-ray TR emission threshold is defined by foil properties as
𝛾𝑡ℎ𝑟 ≈ 𝑙1 𝜔1∕𝑐, where 𝜔1 is the plasma frequency of the foil material.

https://doi.org/10.1016/j.nima.2019.03.092
Received 22 March 2019; Accepted 28 March 2019
Available online 1 April 2019
0168-9002/© 2019 Elsevier B.V. All rights reserved.

https://doi.org/10.1016/j.nima.2019.03.092
http://www.elsevier.com/locate/nima
http://www.elsevier.com/locate/nima
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nima.2019.03.092&domain=pdf
mailto:florian.dachs@cern.ch
mailto:dachsf@gmail.com
https://doi.org/10.1016/j.nima.2019.03.092


F. Dachs, J. Alozy, N. Belyaev et al. Nuclear Inst. and Methods in Physics Research, A 958 (2020) 162037

Fig. 1. Fluorescence calibration of a single pixel of the GaAs sensor.

Fig. 2. Deposited energies of 20 GeV/c electrons and TR for Si and GaAs and cuts for
beam particles.

The distance between foils and the foil parameters are responsible for
fine interference effects and for the TR yield saturation which happens
at 𝛾𝑠𝑎𝑡 = 0.6𝜔1

√

𝑙1 𝑙2∕𝑐 [1]. By changing the parameters of the radiator,
the sensitivity of a TRD (Transition Radiation Detector) can be tuned
to a certain 𝛾-factor range (see for instance reviews [2,3]). This in turn
makes TR attractive for particle identification at very high 𝛾 where
other effects, such as Cherenkov radiation, reach saturation.

Most TRDs commonly operate at a range of 5 × 102 < 𝛾 < 2 ×
103 but with the increase of particle energies at modern or planned
particle accelerator experiments as well as cosmic ray experiments
particle identification (PID) at much higher 𝛾-factors is required. For
example, the proposal for a very forward spectrometer [4] at CERN
would require hadron identification at 𝛾-factors of up to 𝛾 = 3.6 ×
104. One of the ways to make such a kind of detector would be to
use a multilayer radiator–detector structure with detectors where the
particle ionization loss is less than the detected TR photon energy [5,6].
Another approach is based on fine granularity semiconductor detectors
which would allow the simultaneous measurements of the TR photon
energy and emission angle and maximize the available information to
be used for particle identification [7]. In recent years the development
of high resolution pixel chips such as Timepix3 [8] connected to
thick Si or GaAs sensors opens new possibilities for high efficiency TR
detectors with good spatial resolution of the charged particle and TR
photons. First measurements of TR with a 500 μm Si-sensor attached to
a Timepix3 chip were presented in [9]. In this paper, a comparison of
the experimental results obtained with GaAs and Si sensors is presented.

2. Experimental setup

Studies were carried out at the CERN SPS facility with 20 GeV/c
electrons and muons from 120 to 290 GeV/c using different types of
radiators. The test beam set-up is shown schematically in Fig. 3.

It comprises:

• multi-foil radiators, which are made from 30 to 90 foils of equal
thickness arranged at regular distances (a few mm). In this paper

Fig. 3. A sketch of the test beam setup at the CERN SPS.

results for 30 Mylar foils of 50 μm thickness spaced out at reg-
ular intervals of 2.97 mm are presented. These Radiators were
positioned at ∼2 m distance from the detector. A helium filled
pipe was used in-between to prevent the absorption of emitted
TR photons in air.

• a Timepix3 front-end bonded to either a Si or a chromium-
compensated GaAs:Cr [10] sensor. The detector consists of a
square matrix of 256 × 256 pixels at a pixel pitch of 55 μm,
thus forming an active area of 1.98 cm2. The sensor is 500 μm
thick (for both materials) to maximize the TR detection efficiency.
The ‘‘Katherine’’ interface was used to read information from the
Timepix3 chip [11]. The Timepix3 chip was operated in data
driven mode.

• a particle identification system (PID) consisting of an upstream
Cherenkov counter (not shown), a preshower detector and a lead
glass calorimeter. A hardware trigger related to the particle sort
was used as a flag in the data stream.

Both Si and GaAs sensors were calibrated pixel by pixel using
fluorescence lines of different elements. The calibration of a single pixel
for GaAs is shown in Fig. 1. The calibration is limited to energies above
∼4.5 keV (GaAs) and ∼3 keV (Si) corresponding to the lowest threshold
to be applied to minimize the number of triggers produced by noise
hits. Below this energy, the calibration can only be done with test pulses
which artificially produce signals in the Timepix3 front-end. The fit
function is given by [12]:

𝑇 𝑜𝑇 = 𝑎𝐸 + 𝑏 − 𝑐
𝐸 − 𝑡

(1)

where 𝑎, 𝑏 and 𝑐 are fit parameters while 𝑡 is the minimum threshold
energy which can be detected. An essential property of the Timepix3
pixel readout is the recording of the time of incidence with 1.6 ns
precision in each pixel. Using these time tags, it is easy to correlate
the relevant TR photon conversions with the parent particle, by looking
within a time window of a few 100 ns. The bias voltage applied to the
sensors was −450 V for GaAs and −200 V for Si.

3. Data analysis

The trigger signals from the PID give a time stamp around which a
time window is used to collect all fired pixels into an event. Within the
event, pixels are clustered with an algorithm based on the telescope re-
construction software ‘‘Proteus’’ [13]. Pixels are grouped into a cluster
if the following conditions for the pixel coordinates apply:

𝛥𝑋 = |𝑋𝑖 −𝑋𝑗 | 𝑓𝑜𝑟 𝑖 ≠ 𝑗

𝛥𝑌 = |𝑌𝑖 − 𝑌𝑗 | 𝑓𝑜𝑟 𝑖 ≠ 𝑗

(𝛥𝑋 = 1 ∧ 𝛥𝑌 = 0) ∥ (𝛥𝑋 = 0 ∧ 𝛥𝑌 = 1)
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Fig. 4. Probability to recognize TR clusters at a certain distance from the beam cluster.

Fig. 5. Relative position of identified TR clusters relative to the beam (center).

Once all pixels have been grouped into clusters, cluster energies
are calculated by simply summing up the energies of all its pixels.
The cluster position is calculated as a center of gravity using the pixel
energy 𝜔 as a weight:

�⃗�𝐶𝑂𝐺 = (𝑥𝐶𝑂𝐺 , 𝑦𝐶𝑂𝐺)𝑇 =

∑𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝑠𝑖𝑧𝑒
𝑗=0 (𝑥𝑖, 𝑦𝑗 )𝑇 𝜔𝑗
∑𝑐𝑙𝑢𝑠𝑡𝑒𝑟𝑠𝑖𝑧𝑒

𝑗=0 𝜔𝑗
(2)

The beam particle cluster is identified by choosing the cluster with
the highest energy in the event. If that energy exceeds a given threshold
(75 keV for Si, 200 keV for GaAs), the event is considered valid and
analyzed. As shown in Fig. 2, the threshold energy is a sufficient cut to

Fig. 6. Number of TR photons detected per event.

separate beam particle clusters from TR photon clusters. Subsequently,
the number of secondary clusters and their distance to the beam particle
cluster are calculated. From this information and geometry parameters
of the experimental setup the emission angle and energy spectra of TR
are obtained.

4. Results

A radial projection of the detector’s ability to resolve TR and beam
clusters is shown in Fig. 4. The probability to separate a TR cluster from
the beam reaches 100% at a distance of 3 pixels which corresponds to
165 μm. This is mainly affected by the morphology of the beam particle
clusters, which typically consist of 5 pixels, arranged in a cross-like
shape. Thus, at a distance of 2 m to the radiator, this allows to detect TR
photons produced at angles of down to 0.075 mRad. The distribution of
TR photons around the beam can be seen in Fig. 5.

The multiplicity distribution of detected TR photons per particle for
Si and GaAs sensors is shown in Fig. 6. One sees that for the same
radiator the number of detected photons with GaAs detectors is larger
than that of the Si detector.

Energy-angular distributions of the detected transition radiation
photons for both detectors are shown in Figs. 7(a) and 7(b). These
figures clearly show the global and fine interference structure of TR.
One sees that the GaAs detector is much more effective for high energy
TR photons. Projections of these distributions on the energy axis are
shown in Fig. 8(a). One clearly sees that for the soft part of the spectrum
(up to ∼13 keV) both detectors have good efficiency. However if TR
photons have energies above 20 keV GaAs detectors are much more

Fig. 7. Energy and angle spectra measured with Si and GaAs sensors.
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Fig. 8. Projected angular and energy distributions measured with Si and GaAs sensors.

effective. The angular distributions show multiple peaks (Fig. 8(b) and
Fig. 8(c)) due to interference between foils. There is good agreement of
data for the two sensor materials in the low energy region except for
very small angles. The origin of this discrepancy is not yet entirely clear
but most likely fluorescence photons emitted from the beam clusters are
a part of the effect.

5. Conclusions

The recently developed Timepix3 pixel front-end attached to a
high quality GaAs sensor makes an efficient X-ray detector with high
spatial resolution and good energy resolution possible. This offers a
possibility to detect X-ray transition radiation photons and separate
them from the particle ionization clusters. Energies and emission angles
of TR can be measured simultaneously which allows to enhance the
particle identification performance of TRDs based on this technology. A
comparison of first results of the test beam measurements performed in
2017 (Si sensor) and 2018 (GaAs sensor) shows that angular and energy
measurement parameters of these two detectors are in good agreement
at energies below 13 keV. However, if TR photons have energies above
20 keV GaAs detectors are the most efficient ones.
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