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Four hybrid pixel detectors of Timepix3 technology, installed in the ATLAS experiment, were continuously
taking data from April 2018 until the end of the Run-2 data taking period (December 2019). These detectors
are synchronized with each other and the LHC orbit clock. They are capable of resolving the bunch structure
of the LHC beams due to their time resolution of ~ 2 ns. Thus, they allow the characterization of the radiation
field inside and outside bunch-crossing periods. This is shown for Timepix3 detectors at the extended barrel

(x=-3.58 m, y=0.97 m, z=2.83 m). We apply pattern recognition methods to decompose the radiation field
and determine the directionality of the minimum ionizing particles (MIP) component of the radiation field.

1. Introduction

The high rate of collisions at the LHC generates an intense radiation
field inside the experiments, resulting in various adverse effects such as
single event effects, material activation and detector damages. Due to
their different designs, each experiment has a unique radiation envi-
ronment, composed of varying gradients of particle fluxes and complex
mixes of particle types and energies. These aspects are commonly
predicted using Monte Carlo simulation tools, allowing the design of
radiation shielding components and the choice of sufficiently radiation-
hard detectors [1]. However, predictions come with some degrees of
uncertainty and need to be benchmarked by measurement once the
beam is in operation.

In ATLAS, several sets of radiation monitors are dedicated to this
task. For example, field-effect transistors are used for dosimetry in the
inner tracker, while proportional tubes and scintillators are dedicated
to neutron fluence monitoring in the muon spectrometer [2]. In ad-
dition to these radiation monitor standards, a detector network based
on the Timepix ASIC technology has been operated since 2008, using
the advantages of pixelated detectors for characterizing the radiation
fields. During Run-2 (2015-2019), the ATLAS-TPX network was used
to measure thermal neutron and minimum-ionizing particle (MIP) flu-
ences, as well as the directionality of the MIP field [3]. In parallel to
this network, the latest generation of the ASIC family, Timepix3 [4]
was tested during 2018 and 2019 in view of an upgrade for ATLAS
Run-3. In this paper, we present results from these tests and discuss
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improvements brought by this new technology. These tests already
brought valuable results as reported for instance in [5].

We briefly introduce the Timepix3 technology and describe the
algorithms used for data analysis. We then present the capability to
measure the radiation components during and in-between the LHC
bunch crossings. Finally, we present measurements of MIP direction-
ality and explain how Timepix3 simplifies the methodology compared
to the previous detector generation. The measurements presented here
were done in nominal LHC conditions with proton—proton collisions at
\/s = 13 TeV.

2. The Timepix3 detectors

Four Timepix3 detectors with 500 pm thick silicon sensors were
operated in ATLAS during 2018, each of them being synchronized with
the LHC orbit clock, as described in Ref. [6]. Two detectors (14 and J4)
were placed on the external wall of the Tile barrel calorimeter (side A).
The other detectors (I3 and H3) were fixed on the outer cavern wall,
with the aim to measure the radiation escaping the ATLAS detector.
The positions are summarized in Table 1.

Timepix3 [4] is the successor of the Timepix ASIC [7] (which
was used in the ATLAS-TPX network since 2015) and presents key
advantages for characterizing mixed radiation fields. First, while also
featuring a matrix of 256 x 256 pixels with a 55 um pitch, Timepix3 can
measure in data-driven mode. In contrast to the Timepix frame-based
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Fig. 1. Snapshot of the radiation field measured by detector J4. Different track shapes
are categorized for radiation field characterization. Example events are labeled.

Table 1

Overview of the Timepix3 positions in ATLAS. The data of devices J4 and I4 are
presented and discussed in the text. The corresponding results of the other two detectors
are shown in Appendix.

Chip ID X [mm] Y [mm] Z [mm]
J4 —3580 970 2830
14 —-3580 970 2830
13 4000 3400 22,900
H3 4000 3400 22,900

readout, this mode allows deadtime-free operation, given that interac-
tions do not overlap during the pixel readout time (~500 ns). Another
advantage is that each pixel can simultaneously measure the deposited
energy as well as time-of-arrival, which improves the reconstruction
efficiency of analysis algorithms. Finally, the time-stamping precision
of Timepix3 (1.6 ns) allows the distinction between radiation field
particles generated during LHC bunch crossings, and those produced
in between by secondary interactions.

The Timepix3 detectors were calibrated on a per-pixel basis using
mono-energetic X-ray sources, with energies ranging from 3 keV to
60 keV. The time-of-arrival measurements were corrected for time-walk
effects using 60 keV X-rays [8]. The data sets were recorded in 3 h time
intervals and were subjected to a noisy pixel removal procedure: each
pixel counting more than 3 ¢ from the mean pixel count was excluded
from analysis [5].

3. Analysis methods

While the methods used for the presented analysis resemble those of
the ATLAS-TPX network [3], they include newly developed algorithms
adapted for the data-driven mode of Timepix3. The dedicated cluster
finding methodology is described in [9]. It searches for coincident
pixels in time and space. The clusters are further divided into four
classes according to their morphology, as illustrated in Fig. 1. Small
blobs consist of few adjacent pixels and correspond to relativistic low-
Z particles (MIPs) hitting the sensor surface perpendicularly, X-rays
or low energy electrons. y-rays and energetic electrons typically leave
curly tracks, which are differentiated from straight tracks using a poly-
nomial interpolation. This interpolation provides a sufficient metric for
cluster curvature and linearity, as illustrated in Fig. 2.

Straight tracks, in turn, correspond to MIPs going through the sensor
entirely. Their impact point is determined by comparing the carrier
drift times at the track end points. The impact angle is calculated from
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Fig. 2. Illustration of polynomial interpolation used for distinguishing curly tracks from
straight tracks. The red-dashed line corresponds to the fitted polynomial. The original
event is displayed with time-of-arrival (ToA) in nanoseconds on the z-axis, delta being
the ToA with respect to the lowest ToA in the cluster.

the track length. Finally, large blobs are the trace of particles with high
energy deposition in the sensor (high energy transfer events, HETE),
for example low energy protons or the products of nuclear interactions
inside or around the detector.

4. Bunch crossing identification

The 1.6 ns time granularity of Timepix3 and its synchronization
with the LHC orbit clock allows, up to a certain extent, to distinguish
radiation emitted during bunch crossings from radiation resulting from
secondary effects. The latter are a mixture of particles produced by
beam-gas interactions [10], by the crossing of satellite and ghost
bunches [11], and by material activation. Fig. 3(a) shows the measured
cluster rate as a function of time in the LHC orbit as seen in the
inner detectors 14 and J4. Due to the small solid angle covered by the
outer detectors (I3 and H3) and the higher ratio of background events,
the bunch structure cannot be resolved properly with H3 and 13. The
LHC revolution frequency being 11.2 kHz, the bunch crossing scheme
repeats every 89 ps. Bunches are grouped in so-called trains in which
they are separated by 25 ns, as revealed in Fig. 3(a).

It can be seen that bunch crossings lead to a ~30% increase of the
measured cluster rate. The peaks sit on a background of particles from
activation of the surrounding material or from non-relativistic particles
(e.g. moderated neutrons). The peak is widened by the time resolution
of the detector, which depends on the particle type.' For MIPs, the time
resolution is ~2 ns [12]. For photons, neutrons, and particles stopped
inside the sensor volume, drift time fluctuations up to ~25 ns can smear
out the peak structure.

Fig. 3(b) shows a detailed view of a single bunch crossing with char-
acteristic tracks selected inside and outside the peak area. Apart from
the difference in cluster quantities, no clear distinction between cluster
morphologies can be visually made. For a quantitative comparison of
the radiation components, one can compare the cluster types between
these two regions. This is shown in Fig. 4, with the populations of
clusters during bunch crossings (peak region) and background clusters.
The cluster populations are dominated by small blobs and curly tracks,
which correspond to X-rays, y-rays and electrons. The largest difference
between the peak and background regions occurs for straight tracks,
which correspond to MIPs, i.e. mainly protons, electrons, pions and
muons. Hence, these are a clean trace of proton—proton interactions.

! because of drift time variations depending on interaction depth in the
500 pm thick silicon sensors.
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Fig. 3. (a) Number of clusters as a function of the reference time in the LHC beam orbit. The LHC frequency being 11.2 kHz, the reference time goes from 0 to 89 ps, with a
bunch spacing of 25 ns (inside the so-called bunch trains); On the y-axis, the cluster counts are integrated over an entire run (integrated luminosity: 393 pb~!). (b) Zoom to a
single bunch. The pixel matrices show snapshots of the radiation field in the peak region (red shaded) and the background region. The data was measured with 14 and J4 during
ATLAS Fill 6696 (Run: 350479) on May 17, 2018. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

5. MIP tracking

In this section, we present the measurement capabilities for MIP-like
particles. Clusters corresponding to these particles are distinguishable
by their linearity, using the fitting algorithm described in Section 3. In-
complete tracks at the edges of the sensor and tracks with a roundness®
bigger than 0.5 were omitted.

5.1. Measured dE/dX spectra

Fig. 5 gives the stopping power (dE/dX) distribution of particles
with high linearity in the 500 pm thick silicon sensor layer. The stopping
power is calculated as:

dE _ Edep

aE _ . 1
dX  pg XL m

2 Roundness is defined as roundness = size/(xr?), where roundness € [0, 1]
(1 means perfectly round cluster). Size is the number of pixels in the cluster
and 2r is euclidian pixel distance of the two most distant pixels in the cluster.

€
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Fig. 4. Comparison of cluster types during and in-between bunch-crossings. The time
windows where cluster are selected are set to 10 ns both for the peak region and
background region (see Fig. 3).

where Eg, is the energy deposition of the track and p; = 2.33 %5
the density of the silicon sensor. The track length is given as L =
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Fig. 5. Stopping power of particles identified as MIPs (200 000 samples used). The
distributions are modeled with the Landau implementation of ROOT [13] with
probable values of 1.45 MeV (detector I4) and 1.40 MeV (detector J4).
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Fig. A.7. Same as Fig. 5, but for detectors H3 and I3.
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Fig. 6. Incident angles of MIPs measured by the four Timepix3 detectors installed in
ATLAS. 0 and ¢ represent the polar and azimuthal angles between the interaction point
and the sensor surface, respectively. The z-axis is the number of MIPs normalized to
effective area, solid angle and integrated luminosity.

\/Ax? + Ay? + 12, where Ax and Ay are the extensions of the track in
the 2D projection plane and ¢t = 500 pm is the sensor thickness. The
spectra follow Landau-Vavilov distributions with a most probable value
of ~ 1.4 %sz, which is characteristic for MIPs in silicon.

5.2. MIP directions

An aspect of the radiation field that can be studied exclusively with
pixelated detectors is the directionality of the MIP field. A similar study
has already been done for the Timepix network (ATLAS-TPX) [3,14].
While 2 layers were needed to resolve the ambiguity of the 6 angle,
the additional drift time information available with Timepix3 allows
the use of a single layer.®

The incident directions of MIPs are displayed in Fig. 6, where the
polar () and azimuthal (¢) angles are represented by polar axes. The
z-axis gives the particle count, which is normalized to three parameters:

1. the effective area, dividing each particle weight by cos(6).

2. the solid angle, calculated for each histogram bin.

3. the integrated luminosity, obtained from the LUCID detector
[15].

The excess of events on the bottom of the figures correspond to MIPs
coming from the interaction point and from secondary interactions in
the vicinity of this axis of incidence. The latter might be, for exam-
ple, energetic protons or pions generated during particle showers in
the calorimeters, in-between the interaction point and the Timepix3
detectors. A slight excess is also observed with opposite azimuthal angle
(6 ~ 70°, ¢ ~ 90°). These events are likely due to MIPs originating from

3 The traveling direction, i.e. whether the MIP arrives from the front-side
or back-side of the detector, is still undetermined.

Fig. A.8. Same as Fig. 6 but for detectors H3 and I3.

the LAr forward calorimeter, which is known to be a major source of
radiation [1].

Because MIPs hitting the Timepix3 sensors perpendicularly leave
clusters that are similar to those corresponding to X-rays and low
energy electrons (i.e. short straight tracks), they are rejected by the
pattern recognition algorithms. This sets a lower polar angle () limit at
30°, as indicated with the whitened center in (a) and (b) of Fig. 6. For
ATLAS Run-3, this limitation will be overcome by using coincidence
information of two stacked sensors, as was done with the previous
Timepix detector generation.

6. Summary and outlook

Timepix3 detectors allow one to characterize the radiation field
in ATLAS on the time scale of individual LHC bunch crossings. In
particular, it is possible to track MIPs and reconstruct their incident
angles, which gives a clean signal of proton collisions at the interaction
point. This could be particularly valuable for luminosity measurements
[5], where the need for beam background suppression is of primary
importance.

In view of the upcoming ATLAS Run-3, it is proposed to install
telescopes of Timepix3 detectors, with sensors facing each other as
close as possible. This will allow a full solid angle coverage for MIP
detection and improve the radiation recognition potential, leading to
more precise benchmarking of radiation field simulations.
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