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Detecting charged pions emitted from antiproton annihilation on nuclei is a well-established
technique utilized to determine annihilation vertex positions, crucial for several experiments in
the antimatter field. For the past decade, a detector composed of plastic scintillating bars has been
integral to the ASACUSA experiment, employed in both antihydrogen formation experiments and
annihilation cross-section measurements. This work outlines its design and operations, focusing
on its role in these experimental applications.
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1. Introduction

The ASACUSA Collaboration at CERN’s Antiproton Decelerator has studied antihydrogen
and hybrid atoms like antiprotonic helium for over 20 years to test fundamental symmetries and the
matter-antimatter imbalance in the Universe [ 1-7]. Their research also includes antiproton collisions
and annihilations on nuclei, primarily detected through pions emitted during these events [8—12].

For antihydrogen formation, antiprotons are slowed, trapped, and mixed with positrons, with
pion detection helping locate the annihilation position. In collision experiments, antiprotons pass
through thin material foils (from nm to um scale), and annihilations are counted via pion detection.
On average, these processes produce five pions, three of which are charged, with a mean momentum
of approximately 200 MeV/c [13]. Charged pions are easily detectable using plastic scintillators
and suitable light readout systems.

The collaboration employs a scintillating bar detector [14], which was crucial in demonstrating
the first antihydrogen formation in a cusp trap [15]. In subsequent years, it has been used to monitor
annihilations during trapping operations, providing a valuable tool for optimizing antihydrogen
formation procedures [16—19].

2. The detector

The detector consists of scintillating bars arranged in ~1 m? panels placed around the interaction
region, where antiprotons annihilate on nuclei. By detecting the emerging charged pions, the vertex
position can be reconstructed. In Fig. 1 the setup used for the antihydrogen formation experiment
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Figure 1: Left: sketch of antihydrogen formation experiment, where the scintillating bar panels (labeled as
“array detector”) are placed close to the interaction region in a XY configuration (4 couples) to allow the
3D tracking of the charged pions emerging from the antiproton annihilations on the trap walls. Right: the
annihilation position is reconstructed by detecting the pions on the scintillating bars and connecting their
tracks back to a suitable unique origin.

The scintillating bars, produced through an extrusion process, are composed of Polystyrene
Dow Styron 663W with 1% PPO + 0.03% POPOP, and are coated with a white TiO, layer [20].
Each bar (see Fig.2) has a cross-section of 1.5x1.9 cm? and a length of 96 cm. A 2 mm central
groove houses a 1 mm diameter Y-11 wavelength shifting (WLS) fiber from Kuraray [21]. The
fibers are individually darkened, cut, polished, and coupled to a Silicon Photomultiplier (SiPM)
using a custom 3D-printed connector [22].
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Figure 2: Photograph showing the scintillating bars at various stages of detector assembly: fiber preparation
and gluing inside the bars are depicted on the left, while the darkened fibers connected to the 3D-printed
connector and SiPMs are also shown on the right.

The SiPM model is the ASD RGB-SiPM by AdvanSiD [23], featuring a 1x1 mm? active area
with 625 cells (40um pitch). Encapsulated in a 2.02x2.48x1.30 mm? SMD plastic package with
a transparent epoxy layer, it was chosen for its efficient absorption spectrum (peaking at 550 nm)
matching the green WLS fibers’ emission, as well as its intrinsic radiation hardness [24].

The SiPM readout board is shown in Fig. 3: each board hosts 12 surface-mounted SiPMs,
with five boards required to read out the 60 SiPMs in each panel. These boards are mounted
close to the scintillating bars on the internal frame. Each channel features a dual AD8002 current
feedback amplifier and the necessary passive components, with a footprint matching the bar cross-
section. The signals are transmitted to the Front-End Board (FEB) via ~50 cm Hirose U.FL series
thin coaxial cables [25] and connect to the 8x8 multi-anode PMT socket on the main FEB. A
PMT-dedicated board was used for the SiPM readout to leverage the existing front-end board from
the previous detector version, which employed multi-anode PMTs for light readout (all the details
concerning the upgrade are described in [14]).

The readout of each SiPM signal is managed by a FEB which is based on the MAROC3
(Multi-Anode ReadOut Chip 3) ASIC, developed by the Omega group at LAL [26]. The board
integrates the MAROC3 chip along with two ALTERA Cyclone Il FPGAs (model EP2C8Q208I8N,
Altera Corporation) for configuration and data readout, and a 12-bit analog-to-digital converter
(ADC) circuit (model AD9220ARZ, Analog Devices [27]). The MAROC board, shown on the
right in Fig. 3, also supplies power to the components and includes all necessary connectors for
VME electronics communication (analog and digital I/O, trigger signals) and a 64-pin socket for
analog input signals.

The MAROC3 chip hosted on the board is a 64-channel front-end circuit designed for PMT
or SiPM signal readout. It provides a single shaped signal proportional to the input charge and
64 digital trigger outputs [26]. Each input channel features a variable-gain preamplifier with 8-bit
tunable gain (up to a factor of 4) and low input impedance. A current mirror splits the signal into
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two separate processing paths, each serving a distinct purpose with different timing characteristics:

* Analog Path (hundreds of ns time scale): this path is optimized for acquiring and digitizing
the peak amplitude of the input signal, preserving information about the original light pulse
produced in the scintillating bar. It consists of an RC buffer, a slow tunable shaper, and
two sample-and-hold circuits for measuring the signal amplitude and baseline. The slow
shaper feedback capacitors (300, 600 and 1200 fF) can be independently configured via three
switches to shape the signal with different widths and peak time. Moreover, the input signal
gain in the shaper can be fine tuned by adjusting four capacitors in the RC buffer, optimizing
the signal-to-noise ratio. A 5 MHz clock multiplexer is also included for synchronization.

* Digital Path (tens of ns time scale): this path is designed for fast signal processing to generate
a rapid trigger. It includes a fast shaper and a discriminator with a tunable threshold. If the
signal exceeds this threshold, a digital pulse is generated and sent to the acquisition system
where all the signal sources are combined with the desired logic to form the system trigger.
With a shaping time in the range of tens of nanoseconds, this path enables self-triggering and

can also be used for counting purposes.

Figure 3: The amplifier board with the surface-mounted SiPM is shown on the left; the Maroc3 based
front-end board is shown on the right.

All MAROC3 parameters were optimized through extensive laboratory testing, as detailed
in [14]. These tests also provided insights into the detector’s performance, revealing a spatial
resolution of ~6 mm for a pion hit on a single plane, with an efficiency of about 90%. Regarding
the resolution of the annihilation vertex position, an estimate obtained during the calibration at
the start of each antihydrogen experiment data-taking session yielded a value of a few cm. This
relatively low resolution is primarily attributed to multiple scattering through the cusp trap material
and misalignment of the detector panels.
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3. Application in antihydrogen experiments

The most straightforward process to measure the vertex of antiprotons annihilating on nuclei,
a process which typically produces 3 charged pions, is to detect the pions and trace them back to
the annihilation position.

In the anti-hydrogen experiment of the ASACUSA collaboration the detector is operated in
self-trigger mode and the scintillating bar panels are placed close to the cusp trap so that it can
detect emerging pions with a solid angle coverage of ~ 10—15% depending on the setup (see Fig. 1).

All trapping operations are monitored using several detectors, including the scintillating bar
detector, which provides two main types of data to the experiment:

* Hit counts: triggers, generated from the discriminated pulses of each bar as described in
the“digital path” in Sec.2, are sent to an acquisition board directly connected to the main cusp
trap control system;

* annihilation vertex position and time: signals from the “analog path” of the MAROC3 chip
are processed to determine the amplitude of each bar signal. These signals are then used to
reconstruct the annihilation position and time (an example plot generated during a trapping
cycle is shown in Fig. 4).

The data provided by the detector is utilized both to fine-tune the trap parameters on a shot-by-
shot basis during the development phases and, later, to perform more quantitative analyses after a
data-taking period has concluded.

In Fig. 4 an example of the provided data is shown.
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Figure 4: A typical monitoring plot generated after a single trapping cycle (Figure from [28]). The
annihilation counts are displayed as a function of position along the beam axis (z), which extends from
negative to positive values (left), and as a function of z vs. time (right). Different colors indicate various trap
operations: evaporative cooling (EVC), mixing with positrons, or dumping antiprotons into the downstream
field null (FN) region at z ~0 mm. The cusp electrode layout is superimposed on the figure.

4. Conclusions

The scintillating bar detector has proven to be a useful tool for the ASACUSA experiment,
effectively enabling the detection of charged pions and reconstruction of annihilation vertices. Its
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design, featuring extruded plastic scintillators coupled with SiPMs and MAROC3-based front-end

electronics, has demonstrated adaptability across various experimental setups, including antihy-

drogen formation and annihilation cross-section measurements. The detector’s ability to provide

both spatial and temporal information has been important in optimizing trapping operations and

improving the overall experimental efficiency.
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