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A B S T R A C T

Studies based on imaging the annihilation of the electron (𝑒−) and its antiparticle positron (𝑒+) open up several
interesting applications in nuclear medicine and fundamental research. The annihilation process involves both
the direct conversion of 𝑒+𝑒− into photons and the formation of their atomically bound state, the positronium
atom (Ps), which can be used as a probe for fundamental studies. With the ability to produce large quantities
of Ps, manipulate them in a long-lived Ps states, and image their annihilations after a free fall or after passing
through atomic interferometers, this purely leptonic antimatter system can be used to perform inertial sensing
studies in view of a direct test of Einstein’s equivalence principle. It is envisioned that modular multi-strip
detectors can be exploited as potential detection units for this kind of studies. In this work, we report the
results of the first feasibility study performed on a 𝑒+ beamline using two detection modules to evaluate their
reconstruction performance and spatial resolution for imaging 𝑒+𝑒− annihilations and thus their applicability
for gravitational studies of Ps.
1. Introduction

The positron (𝑒+) is the lightest stable antiparticle and differs from
other antimatter objects primarily in the sense that other antimatter
objects require an accelerator for their creation in the laboratory [1,
2]. Since it is relatively easy to obtain 𝑒+ either by pair production
processes or in 𝛽+ radioactive decays, it became popular shortly after
its discovery [3]. High-energy positrons are produced on a large scale
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in accelerator facilities such as the Large Hadron Collider (LHC) [4]
and the Beijing Electron Positron Collider Upgrade (BEPCII) [5]. The
study of their collisions with electrons or protons enables the explo-
ration of the fundamental constituents of matter, the study of particle
interactions, and even the search for new particles or phenomena
beyond the Standard Model (BSM). While low-energy positrons (up
to tens of keV) have a variety of applications, such as a non-invasive
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Fig. 1. (a) Shows a single module with complete signal readout chain. The individual
scintillators are wrapped first with Vikuiti and then with black foils. (b) represents the
edge of the scintillator before the wrapping, which is attached to the matrix of SiPMs.

tracer in medical imaging [6–10], 𝑒+ annihilation-based techniques
are used to identify and characterise defects in materials [11], and
in fundamental physics [12,13]. Moreover, 𝑒+ can form a metastable
atom when interacting with 𝑒−, the positronium atom (Ps) [14], which
is a purely leptonic object and an excellent two-body system for test-
ing non-relativistic quantum electrodynamics (nrQED) in the bound
state [15,16]. Ps can be formed in one of two possible ground states:
spin 0 state, known as para-Ps (p-Ps, 1𝑆0), which is short-lived (125 ps),
or spin 1 state, long-lived state of Ps (142 ns), also known as ortho-
Ps (o-Ps, 3𝑆1) [14]. The study of the decays of ortho-positronium
atoms has been used for a deeper understanding of the fundamental
symmetries [13,17].

With the ability to populate o-Ps in excited states through laser
manipulation [15,18], its lifetime can be enhanced by more than one
order of magnitude [19,20]. Positronium atoms in Rydberg or 23S Ps
state have been postulated as a potential probe for performing inertial
sensing studies towards a direct test of Einstein’s equivalence principle
on antimatter [21–23]. In particular, the proposed studies on 23S Ps
are based on the application of the technique of atomic interferom-
etry/deflectometry to measure gravitational effects on Ps atoms. The
experimental scheme described by Mariazzi et al. [24] requires a beam
of 23S Ps atoms, optimisation of the parameters for the interferometer
setup, and position-sensitive detectors with sub-nm spatial resolution
to study the fringe pattern formed as the Ps atoms pass through the
interferometers. As suggested in Ref. [24], such resolution could be
achieved by scanning the fringe pattern with a material grating of the
same periodicity of the fringe moved by a piezoelectric actuator. A
position sensitive detector can be used to count the Ps annihilations
on the grating [25]. An additional stopper can be placed 10–20 mm
behind the moving grating to detect the Ps atoms crossing the grating.
Ps annihilations on the grating and on the stopper can be distinguished
if the spatial resolution of the detector is better than the distance
between the grating and stopper. This requirement places a limitation
on the detector to be used, as it should have a spatial resolution of
10–20 mm. Imaging techniques must be used to reconstruct the an-
nihilation vertices. Therefore, detectors with good time-of-flight (TOF)
resolution are preferable. The modular multi-strip detection units based
on plastic scintillators developed by the J-PET (Jagiellonian-PET) col-
laboration [26–30] are a good solution for this type of measurements.
The detection modules can be operated individually or in pairs and
are suitable as position-sensitive detectors for inertial sensing studies
to reconstruct annihilation vertices. To investigate the feasibility of
imaging 𝑒+𝑒− annihilations with two modular detection units and to
evaluate their reconstruction performance, a pilot measurement was
performed at the 𝑒+ beamline of the Anti-Matter Laboratory (AML) in
Trento. The characteristic details of the detectors will be discussed in
the next section. Section 3 describes the experimental details, followed
by the results (in Section 4). Section 5 provides the summary and an
outlook of the studies.
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Fig. 2. The picture shows the experimental setup with two modular J-PET detection
modules placed 10 cm apart on either side of the positron beam and centred on a
flange where positrons are to be annihilated (red dot on the flange). A NaI(Tl) single
crystal detector is placed at 25 cm distance from the flange, aligned with the axis of
the 𝑒+ beam. Data are acquisited by an FPGA-based controller board and eventually
stored on the computer hard disk via a fast data transfer switch.

2. Modular Jagiellonian positron emission tomograph (modular
J-PET)

The modular J-PET is based on the design of stand-alone detection
modules with connected front-end electronics (see Fig. 1(a)). Each
module consists of densely packed 13 plastic scintillators of dimension
500 × 24 × 6 mm3 glued on both sides to a 1 × 4 matrix of silicon
photomultipliers (SiPMs) (Fig. 1(a,b)). The signals from the SiPMs
are read out using a newly developed electronic front-end board that
enables signal sampling in the voltage domain with an accuracy of
20 ps [31]. Data are stored with Field Programmable Gate Array
(FPGAs) in triggerless mode, which is easily reconfigurable [32]. For
the estimation of energy deposition by the photon interaction inside
plastic scintillators, the time-over-threshold method (TOT) is adapted
instead of the charge collection method [33]. The hit position and hit
time are estimated by measuring the arrival time of light signals at
each end of the scintillator [26]. The total length of a single module
is 90.6 cm, including the length of the associated front-end electronic
boards, and the width is 9 cm. A single module weighs less than 2 kg.
The J-PET collaboration constructed 24 of such detection modules for
positron emission tomography applications, which can be assembled
into a cylinder with a diameter of 76.2 cm and an axial field of view of
50 cm [34]. The applications of detection modules with positron and
positronium beams have been discussed in a previous work [35]. The
technical details of the modules and the algorithm for data analysis are
presented in Section 4.

3. Experimental setup and data measurement

To evaluate the performance of modular detectors for the recon-
struction of the vertices of 𝑒+ annihilations, two detection units were
brought to the AML laboratory of the University of Trento in Italy.
A new beamline has recently been commissioned that can deliver a
continuous positron beam with a spot diameter of less than 5 mm.
The details of the positron beamline will be reported elsewhere [36].
To perform the experiment, a flange was used as a beam terminator,
representing the origin surface of the two counter-propagating 511 keV
photons from 𝑒+ annihilation. The annihilation photons were registered
by modular J-PET detection units placed on each side at a distance of
10 cm from the centre of the flange where the annihilation spots are
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Fig. 3. Shows the schematic of signal readout through a 1 × 4 matrix of SiPMs of a
plastic scintillator at both edges. A photon interacts with the scintillator and deposits
a certain energy. Based on the deposited energy, the signals obtained at each SiPM are
probed at two thresholds of 30 mV and 70 mV. The deposited energy can be estimated
by summing the TOTs calculated for the signals from all SiPMs at the fixed thresholds
on either side of the scintillators. A signal from a SiPM is only considered if it has
an amplitude higher than the lowest applied threshold (30 mV). The formula in the
figure shows the case where the signal amplitude of all SiPMs on both sides of the
scintillator exceeds the two applied thresholds for the calculation of TOT, which is
used as a measure of energy deposition(Edep).

expected to be (Fig. 2). The red dot in the image shows the centre of
the flange. The signals from the SiPMs are processed by FTAB boards
(combination of front-end electronics, TDCs and readouts channels)
using an FPGA-based controller board and stored in external memory
via a fast data transfer switch. In addition, to monitor the 𝑒+ beam rate,
a NaI(Tl) single crystal of dimension 3ε×3ε was aligned at a distance of
about 25 cm behind the flange. The crystal was surrounded by a 5 mm
thick cylindrical tungsten shield to reduce the number of unwanted
counts. Positron rate was recorded every 10 min by integrating the 511
keV photon peak after correction for background and attenuation factor
caused by the flange material.

4. Results

4.1. Low-level data reconstruction

The binary data recorded by the FPGA boards are processed using
the dedicated data analysis framework developed by the J-PET col-
laboration [37]. The procedures are divided into steps that start with
reading the timestamps of the DAQ channels and end with categorised
physical events for the further analysis. The data were collected in
triggerless mode and the binary data packets are collected in time
slots of 50 microseconds. The signals are reconstructed for each SiPM
using the measured timestamps at two thresholds (30 mV and 70 mV)
for rising and falling edges, TOT is calculated using a rectangular
approximation, as shown in Fig. 3. Signals from up to 4 SiPMs located at
the end of each strip are combined into a matrix signal. The arrival time
of the signal is calculated using the average values of the SiPMs signals
found within 1.3 ns coincidence. The average of the measured TOT
values on all SiPMs on each side of the scintillators gives the measure
of energy deposition for a given interaction. For the 𝑒+ annihilation
spot imaging we are using line-of-response (LOR) and time-of-flight
3

(TOF), which require the reconstruction of time and position of pho-
ton interaction in scintillating strips. For J-PET modules, these two
observables are estimated based on the measured time difference of the
light signals arriving at both ends of the scintillators and read out by
photomultipliers, and the estimated value of effective velocity of light
in plastic strips [26].

4.2. Calibration of the detector

The calibration of the electronic offsets for estimation of interaction
time in plastic scintillators was performed using cosmic rays, when
the e+ beam was off. Fig. 4(a) shows the pictorial representation of
the detector placement in the experimental setup, where cosmic rays
irradiate all scintillators equally. Due to the experimental constraint,
the detectors were placed with a vertical angular displacement of 60◦.
For the analysis of the measured data, the coordinate system was
rearranged as right-handed contention (Fig. 4(b)), fixing the 𝑥-axis in
the upward direction, the 𝑦-axis in the direction of the beam, and the
𝑧-axis along the axial length of the scintillators. The first step was
to synchronise the time differences between signals registered at the
opposite ends of the strips. To do this, the slopes of the time difference
signal edges for each strip were compared and aligned. The top panel
in Fig. 4(c) shows the measured hit time difference of the signals
from the scintillators versus their IDs before calibration and the panel
below after calibration. The scintillators in both modules were assigned
unique IDs ranging from 1 to 26 (each module has 13 scintillators). The
calibration of TOF offsets for each strip is based on the selection of a
pair of muon hits, with one hit occurring in the plastic scintillator of the
upper module and the other in the lower. Assuming average velocity
(𝑉𝜇) of the muons is 29.8 cm/ns [38], we could calculate the TOF
offsets for vertically aligned or adjacent strips according to the scheme
shown in Fig. 4(d). The offset for the middle strip (e.g. with ID = 20 of
the upper module) was set to 0. Then the offset of the middle strip of
the lower module (C7) can be estimated by calculating the difference
between the measured TOF and the estimated TOF (d20−7/𝑉𝜇), where
d20−7 is the distance that muon travels when interacting with strips IDs
20 and 7. For the neighbouring plastic strips, the estimated TOF offset
was corrected, as shown in the example for strip ID 21 (C21). The same
scheme was chosen to calculate the offsets of the other scintillators.
The estimated offsets were optimised using the iterative approach. The
procedure was repeated until the corrections calculated in the iteration
were smaller than 50 ps. Fig. 4(e) shows these corrections to TOF offsets
as a function of scintillator IDs for first (left panel) and 20th iteration
(right panel).

4.3. Data analysis for imaging 𝑒+𝑒− annihilations

For the reconstruction of 𝑒+ annihilation vertices, an algorithm
has been developed to analyse events with 2-hits expected from 511
keV photons. The first selection criterion for choosing annihilation
photons is based on the energy deposition measured as TOT in the
context of J-PET data analysis framework. Fig. 5(a) shows a typical TOT
spectra obtained for 511 keV photons. Hits are selected as annihilation
candidates whose measured TOT values fall between selected range
shown by the dashed lines. The selected candidates are further filtered
out based on their emission time difference estimated from the centre of
the flange. To calculate the emission time of the photon, the hit time of
each of the two annihilation candidates is corrected by their estimated
TOF. The last criterion applied is based on angular correlation. Hits
are marked as back-to-back if the angular difference is between 1750 –
1800. The hit times of tagged annihilation candidates allow the calcula-
tion of the TOF as the difference of their arrival time, which is later used
to reconstruct the annihilation point on the constructed LOR based on
their hit positions. The TOF spectrum obtained is shown in Fig. 5. For
the current setup, the value of TOF resolution (𝜎) is ≈ 125 ps. Fig. 5(c,d)
shows the reconstructed images of the annihilation vertices for the zx
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Fig. 4. Calibration procedure used to synchronise the timing information as well as the TOF of the plastic scintillators. (a) Shows the placement of two detection modules around
the 𝑒+ beam, with the red dashed lines representing the cosmic showers on the modules. (b) Coordinate system used for calibration and later for data analysis. The results of the
hit time differences of the individual signals before (upper panel) and after (lower panel) the calibrations are shown in (c). In addition, the TOF offsets for the scintillators of
the modules were calibrated according to the scheme described in (d). Values of the corrections for the TOF offsets for each scintillator strip are shown in (e), first iteration (left
panel) and 20th iteration (right panel) calibration. The details of the calibration method are explained in the text.

Fig. 5. (a) Shows the TOT spectrum, which is a measure of energy deposition. Since the photons interact with the plastic scintillator mainly via Compton scattering, a Compton
edge is expected for the maximum energy deposition, which is visible in the figure. The peak at lower TOT values corresponds to the lower energy deposits. Selecting the window
of TOT values around the Compton edge, as shown in the figure, allows the interactions to be marked by 511 keV photons. (b) TOF spectrum estimated for the selected annihilation
pairs. (c,d) show the images of the annihilation spots in the zx and zy planes reconstructed by the developed algorithm, and (e) show the projections of the reconstructed images
in the x, y, and z axes, respectively.
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and zy planes. The projections on the x, y, and z axes are shown in
Fig. 5(e). The spatial resolutions (𝜎) in the x, y, and z directions are 11,
4, and 13 mm, respectively. Furthermore, since we have access to the 𝑒+

beam rate, we could estimate the efficiency of two modules in mapping
the 𝑒+annihilation vertices. To calculate the reconstruction efficiency,
we first estimated the total number of annihilation pairs incident on
the detection modules using the 𝑒+ beam rate, corrected for the solid
angle covered by the two detection units. Finally, the number of entries
in the final spectra (Fig. 5(c, d)) is divided by the number of total
annihilations. The estimated reconstruction efficiency is 14%.

5. Conclusions and outlook

We have shown that the modular J-PET with only 2 multi-strip de-
tection units has the potential for imaging the 𝑒+𝑒− annihilation spots.
The experiment was performed on a 𝑒+ beamline capable of delivering
a continuous monoenergetic 𝑒+ beam with diameter of a few mm. The
obtained TOF and spatial resolution (𝜎) are promising for the planned
applications on gravitational tests. One of the main objectives of this
study was to investigate the ability of the J-PET modules to distinguish
annihilation spots that are within 10–20 mm, especially along the beam
direction (y-axis). In the present study, we found that the resolution
(𝜎) along the 𝑦-axis is about 4 mm, which is promising for the use
of these detection modules as position sensitive detectors for inertial
sensing measurements on Ps atoms [24,35]. During these pilot studies,
some limitations were identified. To cover the larger solid angles for
annihilation photon registration, we placed the modules relatively close
to the beamline, which hindered the ability to calibrate the modules
with a point source of known activity as strips could not be irradiated
uniformly, thus limiting the optimal calibration of the modules. In
addition, a dedicated Monte Carlo simulation is required to validate
the achieved reconstruction performance of the modules, which can
also correctly estimate the attenuation caused by the flanges used and
the efficiency of the analysis cuts. Nevertheless, we performed the
calibration of the detectors for the first time with cosmic rays and were
able to calibrate the detectors. The preliminary results show that the
modular multi-strip detectors are able to reconstruct the annihilation
vertices of the 𝑒+ beam spot with an efficiency of 14%, which could be
further increased by optimising the geometry of the detection modules.
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