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P. Nedelect, L. Nowaki, M. Oberthalerm, E. Oswaldi, D. Paganoe,f,
L. Penasag,h, V. Petraceku, F. Prelzb, M. Prevedelliv, B. Rienaeckeri,

J. Robertk, O. M. Røhne.w, A. Rotondif,x, H. Sandakerw, R. Santorob,c,
J. Storeyy,1, G. Testerao, I. C. Tietjei, V. Tosop,b, T. Wolzi, J. Wuethrichi,2,

P. Yzombardq,3, C. Zimmerz,i,w, N. Zurlof,aa

aStefan Meyer Institute for Subatomic Physics, Austrian Academy of Sciences,
Boltzmanngasse 3, 1090 Vienna, Austria

bINFN Milano, via Celoria 16, 20133 Milano, Italy
cDepartment of Science, University of Insubria, Via Valleggio 11, 22100 Como, Italy
dInstitute for Nuclear Research of the Russian Academy of Science, Moscow 117312,

Russia
eDepartment of Mechanical and Industrial Engineering, University of Brescia, via

Branze 38, 25123 Brescia, Italy
fINFN Pavia, via Bassi 6, 27100 Pavia, Italy

gDepartment of Physics, University of Trento, via Sommarive 14, 38123 Povo, Trento,
Italy

hTIFPA/INFN Trento, via Sommarive 14, 38123 Povo, Trento, Italy
iPhysics Department, CERN, 1211 Geneva 23, Switzerland

jDepartment of Physics “Aldo Pontremoli”, University of Milano, via Celoria 16,
20133 Milano, Italy

∗Corresponding author
Email addresses: fguatier@cern.ch (F. Guatieri), philip.hackstock@cern.ch

(P. Hackstock), chloe.m@cern.ch (C. Malbrunot)
1present address: Beams Department, CERN, 1211 Geneva 23, Switzerland
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Abstract

We present the commissioning of the Fast Annihilation Cryogenic Tracker
detector (FACT), installed around the antihydrogen production trap inside
the 1 T superconducting magnet of the AEgIS experiment. FACT is de-
signed to detect pions originating from the annihilation of antiprotons. Its
794 scintillating fibers operate at 4 K and are read out by silicon photomul-
tipliers (MPPCs) at near room temperature. FACT provides the antipro-
ton/antihydrogen annihilation position information with a few ns timing res-
olution.
We present the hardware and software developments which led to the suc-
cessful operation of the detector for antihydrogen detection and the results of
an antiproton-loss based efficiency assessment. The main background to the
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antihydrogen signal is that of the positrons impinging onto the positronium
conversion target and creating a large amount of gamma rays which pro-
duce a sizeable signal in the MPPCs shortly before the antihydrogen signal
is expected. We detail the characterization of this background signal and its
impact on the antihydrogen detection efficiency.

Keywords: scintillator detector, antihydrogen, antiproton, positron,
gravity, antimatter, cryogenic tracker

1. Introduction

The Antiproton Decelerator (AD) at CERN hosts several experiments
scrutinizing properties of antiprotons or antihydrogen atoms. Precise spec-
troscopy measurements have already been performed [1, 2] on this most sim-
ple form of antimatter atom yielding impressive tests of the CPT symmetry,
the combination of the charge, parity and time symmetries. Another fo-
cus of research with antihydrogen atoms concerns gravitational interaction
of antimatter. To date, only a low precision direct measurement of the ef-
fect of the Earth’s gravitational field on antimatter has been performed [3]
and several experiments at the AD are planned to perform precise measure-
ments in the coming years [4, 5, 6]. The aim of the AEgIS experiment is
a direct measurement of the force exerted by the Earth’s gravitational field
on an antihydrogen ( H̄ ) beam [7]. To achieve this measurement AEgIS
needs to produce sub-Kelvin antihydrogen atoms in a pulsed scheme. The
chosen mechanism is that of charge exchange [8, 9, 10] in which a cloud of
Rydberg-excited positronium atoms (Ps) are made to collide with a cloud of
cold trapped antiprotons ( p̄). In this process a Ps loses a positron to the
antiproton to produce an H̄ atom [11]. To manipulate and cool p̄ plasmas,
the AEgIS apparatus features a complex trap system which culminates in
the H̄ production Malmberg-Penning trap [12], located in the center of a 1 T
superconductive magnet. After the production trap has been loaded with p̄, a
bunch of positrons is shot onto a positron/positronium converter located on
top of the trap, the resulting Ps atoms outgoing from the converter traverse
the electrodes of the production trap through a grid and interact with the
trapped p̄. As of 2018 all of the major components of the AEgIS experiment
have been commissioned and tested [12, 13, 14, 15] and thus the novel H̄
production mechanism could be probed.
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The detector dedicated to the detection of H̄ at AEgIS is the Fast Anni-
hilation Cryogenic Tracker (FACT). The design and required performance of
the FACT detector raised several engineering challenges. The requirements
of a good vertex resolution and high reconstruction efficiency triggered the
construction of a detector enclosed inside the superconducting magnet (to
maximize the solid angle coverage and minimize multiple scattering) of the
H̄ production trap requiring its operation at cryogenic temperatures with
a minimal heat dissipation. Achieving a suitable axial position resolution
of the annihilating H̄ atoms translated in a high detector granularity. A
good timing resolution was desirable for diagnostic and detection purposes,
including the separation of the signal originating from the annihilation of a
few 106 positrons on the target enclosed in the FACT from that of a few H̄
atoms annihilating shortly afterwards on the walls of the production trap.

2. The AEgIS antihydrogen detector

An exhaustive description of the FACT layout has already been provided
elsewhere [16, 17], we will recall here its main characteristics. Two concentric
cylindrical surfaces, which we name superlayers, are covered with fibers with
respective radii of 70 mm and 98 mm as pictured in figure 1. A total of
794 scintillating fibers (Kuraray SCSF-78 M) with a diameter of 1 mm (6 %
of which consists of cladding) and a length of either 410 (inner layer) or
550 mm (outer layer) are wound around the surface of cylinders that share
the production trap’s axis and are in thermal contact with a liquid helium
cryogenic bath. Each superlayer consists of two layers of fibers wound at
radii that differ by 0.8 mm and staggered along the z axis. Figure 2 shows a
longitudinal view of the two layers of fibers in the superlayers.

Scintillating fibers are coupled with clear fibers which convey photons to
light detection sensors. In order to accommodate the connection between the
scintillating and the clear fibers, the scintillating fibers do not complete an
entire revolution around the trap axis: the inner superlayer features a gap of
22° and the outer superlayer a gap of 40°. Both gaps are located at the bottom
of the detector (Fig. 1). One end of the fiber is mirror-coated while the other
end is connected to a silicon photomultiplier (Hamamatsu S10362-11-100C
for most of the detector, 28 fibers employ Hamamatsu S12571-100C photo-
multipliers instead which exhibit lower afterpulses and a six times smaller
dark count rate) called a Multiple Pixel Photon Counter (MPPC). MPPCs
are mounted inside the outer vacuum chamber of the AEgIS 1 T magnet, on
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Figure 1: Left: cutaway layout of the FACT detector enclosing the H̄ production trap.
The four layers of scintillating fibers are shown in blue and light gray (the clear fibers
connected on one end are not depicted), the antiproton trap is located at the center of
FACT, the positron target, depicted in red, is directly above the trap. Right: photograph
of the FACT detector before addition of the clear fibers. The detector is rotated with
respect to the layout on the left in order to exhibit the gaps thus revealing the two ends
of the scintillating fibers.

fixtures housing 48 sensors each and featuring a PT-1000 thermal resistor
which allows monitoring the MPPC temperatures. The readout electronics
is placed outside the vacuum chamber and connected to the thermal sen-
sors and the MPPCs via feedthroughs. The analog signal coming from the
MPPCs is amplified and processed by fast discriminators to produce a time-
over-threshold signal (ToT). Both the time of the rising and falling edges are
recorded by a total 17 FPGA (field-programmable gate array) boards (Xilinx
Spartan-6). The FPGA boards are read out through Ethernet connections
by a computer. A diagram of the general connection scheme is shown in
figure 3.

Neutral antihydrogen formed in the production trap is not confined and
thus eventually reaches the trap wall where it annihilates. During this pro-
cess the positron annihilates with an electron, generating two 511 keV γ rays,
while the antiproton annihilates against a nucleus producing on average ≈ 3
relativistic charged pions behaving as minimum ionizing particles (MIPs)
[18]. The scintillating fibers’ detection efficiency for a low energy γ-ray is
of the order of 10−3 [19]; FACT can thus detect the γ burst resulting from
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Figure 2: Longitudinal projection of the FACT detector showing the two fiber superlayers
and the distribution of the detector’s fibers among different readout FPGA boards. The
origin of the horizontal axis coincides with the center of the FACT detector. To allow for
distributed testing of the detector, FPGA 17, which reads a newer generation of MPPCs,
was connected to fibers evenly distributed along the direction of the detector’s axis.

6



the injection of a few 106 positrons in the apparatus but not the two γ rays
associated with the annihilation of individual H̄ atoms. MIPs will however
deposit ∼ 200 keV in a FACT scintillating fiber, leading to around 30 to 50
photons reaching its MPPC [19].

Due to its cylindrical symmetry, its one-sided read-out and given the
length of the fibers compared to the time-resolution of the read-out system,
the detector is not sensitive to the azimuth position of detected particles.
However, making use of the temporal coincidence of events in the two super-
layers of the detector, FACT is able to detect the charged MIPs coming from
p̄ and H̄ annihilation and, by reconstructing their point of origin, determine
the location of the annihilation vertex along the horizontal axis (see section
5).

2.1. Electronics

Figure 3: General connection scheme of the FACT detector from the fiber readout level
to the host computer controlling the detector and performing the readout.

Most of the FACT detector electronics is located inside readout boxes
which are attached to the flanges holding the feedthroughs to the MPPC
housings. The readout boxes carry out the task of biasing the MPPCs,
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amplifying and discriminating their signals, recording them using FPGAs
and routing the resulting data into specialized Ethernet connections.

The MPPCs are biased from a common 90 V source which is reduced
to the desired bias voltage through a resistive voltage divider. The result-
ing bias voltage applied to the MPPCs can be adjusted on a fiber-by-fiber
basis between 69.9 and 71.1 V through the first of the two channels of an SPI-
controlled digital potentiometer (MCP4242-103E/UN). The resulting voltage
source exhibits a high impedance, therefore the voltage on the MPPC ter-
minals is a measure of the current flowing through the sensor. The MPPC
voltage is capacitively coupled with a monolithic amplifier (MAR-6+), then
digitized through a fast discriminator (ADCMP601) that compares it to a
reference voltage, generated through the second channel of the digital poten-
tiometer. A MIP will produce around 2000 photons in a fiber. Taking into
account the trapping efficiency of the fiber (5.4 %), the loss at the interface
between the clear fiber and the MPPC (around 50 %)and the MPPC detec-
tion efficiency (around 35 %), this will result in a typical 15-25 photoelectrons
signal at the MPPC. After amplification this signal corresponds to ∼ 120 mV
depending on the particular MPPC gain settings [19]. The discriminated sig-
nal is routed to the board holding the readout FPGA chip. Every board is
capable of reading out 48 digital channels with a temporal resolution of 5 ns.
To synchronize the acquisition across all of the boards, a TTL trigger sig-
nal (Strig), generated by the AEgIS trap control system, is fanned out and
distributed to all of the boards. To ensure that synchronization of the FP-
GAs is maintained during the course of long acquisitions (which can last
several seconds) a master clock signal is generated and daisy-chained across
all boards.

2.2. Interface

The interface follows the Ethernet standard. In order to ease the synthesis
of the FPGA code, we forewent the encapsulation of the traffic even to the
transport layer (we adopted no packet encapsulation) and opted, instead, to
have the control computer and the FPGAs exchange raw ethernet frames.
The data recorded by FACT’s FPGAs comes in 12-byte long words including
a checksum byte. To reduce the volume of data that needs to be transferred,
we saved the fiber status only when at least one of the 48 inputs changed.
To facilitate the FPGA synthesis we opted to design the control packets so
that their fields are 12-byte aligned like the data words are and preserved
the same checksum byte in the control packet structure too.
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2.3. Control software

Control and readout of the FACT detector are performed by a host com-
puter running Linux. The control and readout software, named FACTDriver,
was developed in C++ employing solely POSIX APIs [20] and the standard
libraries. During the course of each execution of FACTDriver, the program
performs three tasks:

1. It initializes the detector, operation which includes a quick connection
test of each FPGA, setting the bias and threshold value for each fiber
in the detector and arming the detector. After the detector is armed,
FACTDriver waits for Strig.

2. When the trigger is received, FACTDriver downloads the raw data
from the FPGAs through the Ethernet connection into the host com-
puter’s RAM. This operation can be performed either asynchronously,
with the data transfer happening after the acquisition has concluded
or synchronously, with the data transfer being initiated as soon as the
trigger is received and the data being streamed while the acquisition is
still ongoing.

3. When the data transfer is concluded, FACTDriver decodes the raw
data coming from the detector into the format employed by AEgIS to
store it, then transfers it to the experiment’s centralized data acquisi-
tion system [21].

The implementation of FACTDriver was heavily optimized to handle
the network interface efficiently, with particular attention on the prompt
emptying of the input buffer of the Ethernet interface, resulting in a typical
input packet handling time below 1µs. This is necessary in order to minimize
the chance that packets could be dropped, and thus the quality of service
(QoS) be degraded, when the detector readout is performed synchronously.
We achieved to transfer data without losses from the detector to the host
computer with a rate of 50000 state changes per fiber per second which is
comfortably beyond what is required by AEgIS.

It is worth mentioning a small adjustment that greatly increased the
QoS of FACTDriver : in order to best take advantage of the eight cores of
the host machine, FACTDriver was structured as a multithread program,
with a thread dedicated to each FPGA board and two to three auxiliary
threads. We observed that by staggering the launch of the threads by 20 µs
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we reduced drastically the packet collision rate, bringing it from about 20
per FACTDriver execution cycle to less than 1.

3. Equalization

The sensitivity and efficiency of the scintillating fibers in detecting pions
are determined by two parameters that can be tuned on a fiber-by-fiber basis:
the MPPC biasing voltage and the discrimination threshold employed in the
analog-to-digital conversion. Due to the low electronic noise present in the
acquisition chain, the effects of the two parameters are similar. The former
determines the analog signal amplitude, the latter the threshold at which it is
discriminated. A change in any of those two parameters will affect the needed
amount of energy deposited in the fiber to trigger an output digital signal.
Figure 4 shows the dependence of the dark count rate on the settings of both
these parameters. Since between the threshold and bias controls the latter

Figure 4: Dark count rate of the 24th fiber of FPGA 8 measured across the entire spectrum
of bias and threshold values available. It can be seen that although the dark counts can
be regulated by using either parameter, the bias has the largest range.

holds the largest effect range, we opted to fix the threshold parameter and
then to determine the bias values that are necessary to produce a given dark
count which we establish a priori. The goal of the equalization procedure is
to have the same dark count rate throughout the detector.

Our first attempt to perform the detector equalization was based on an
iterative bisection procedure on the bias . This method is very effective,
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and can be used to determine the 794 bias values in a matter of minutes.
The main shortcoming of such an approach is that a significant amount of
observation time is used in sampling points lying far off from the expected
setting. Moreover, the algorithm is not robust against saturation of the
FPGA buffer during the data acquisition and saturation is very likely to
occur at the moment in which high bias values are being scanned/observed.
Overcoming this shortcoming is a complex issue, since the consequences of
the saturation of an FPGA buffer affect all 48 fibers acquired by that FPGA;
therefore, to safely run the “bisection” algorithm only one fiber per FPGA
can be calibrated at a given time, resulting in a long equalization time. To
overcome these difficulties we developed a more efficient algorithm to perform
the FPGA equalization which is detailed below.
First we describe a procedure to determine the dark rate of a FACT fiber
when subjected to a certain bias setting. To perform a rate observation a
given Bias level is set, FACT records noise for a certain interval of time at the
end of which the number of rising edges recorded in the given time interval
is counted. It is however possible for the FPGA event buffer to saturate
during the observation time, since for the equalization procedures we do not
employ the data streaming capability. In a buffer saturation scenario all of
the events following the buffer saturation are dropped. Let ∆t be the time
between the start of the recording and the time of arrival of the last recorded
event and n be the number of recorded dark events (Fig. 5). If n 6= 0 we can
write an estimate of the fiber’s dark rate R as

R =
n±
√
n

∆t
, (1)

while if no event was recorded we will estimate it as:

R ≤ 1

∆t
, (2)

∆t being in this case the full acquisition time window.
It is possible to combine together multiple observations by adding the obser-
vation times and the event counts; which results in general in an improvement
of the precision of the rate assessment.

Employing an arbitrary start time does not affect the measurement, as
the interval between the arbitrary start and the first event obeys the same
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Figure 5: A saturating buffer in an FPGA will show, at the end of the recording, a buffer
whose end is devoid of events. We therefore choose the observation time ∆t to be the
portion of the buffer ranging up until the last observed event in order to prevent incorrect
assessments due to saturation.

distribution law as all other time intervals between successive events. Instead,
the time elapsing from the last recorded event to the end of the observation
window is not independent of the recorded data (consider e.g. the case of
buffer saturation); this is the reason why we defined as ∆t only the interval
ranging up until the last recorded event.

As long as this procedure is strictly applied, we can measure at once the
dark count rate of all fibers in the detector. This is allowed as the effect of a
noisy fiber filling up its corresponding FPGA buffer will at most be that of
reducing the observation time for all the fibers connected to the same FPGA,
but will not induce any incorrect assessment of rates.

To complete the description of an equalization procedure for the entire
detector we need now to determine how Bias values are chosen before each
iteration of the algorithm. During the first two iterations we measure the
rate given by the lowest and the highest available Bias values. From the
third iteration onward the process becomes more complex. We first give
an estimate of the fiber dark count rate for each possible value of the Bias
by linearly interpolating the mean and uncertainty of the measurements.
We then associate to each possible integer Bias setting b an estimator I(b)
of how useful it would be for us to measure the dark count given by b.
Originally we intended I(b) to be computed as the probability, given the
current measurements, that b would be the optimal Bias setting. Instead,
by testing the algorithm in simulated scenarios, we found that a much better
performing I(b) is given by the following quadratic law:

I(b) =

(
∆R(b)

R(b) − T

)2

, (3)

in which R(b) is the rate assessment for the Bias value b, ∆R(b) is the
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uncertainty on R(b), and T is the goal dark noise activity for the specific
fiber. The simulations carried out to test the algorithm consisted in selecting
a monotone response to the bias setting from a wide family of functions, then
running the equalization algorithm multiple times generating every time with
a Poisson distribution the number of rising edges recorded by the fiber in the
given observation time.
At each iteration of the algorithm and for each fiber we determine which
Bias setting bmax maximizes I(b); then randomly pick the bias value to be
measured among bmax, bmax+1 and bmax−1. This random choice is necessary
since, as our simulations showed, it is possible for the best Bias setting to
temporarily appear farther away from the target activity than another sub-
optimal Bias value. When this happens the optimal value might not be
measured ever again and thus the algorithm may converge onto a sub-optimal
value. The aforementioned randomness prevented this from happening in
every simulated scenario. Figure 6 shows an ongoing simulated equalization
process in which both the interest estimator I(b) and the interpolated dark
rate assessment R(b)±∆R(b) are displayed.

Figure 6: An example of a simulated equalization procedure for a single fiber (here we
display its sixth iteration). The blue dashed line shows the simulated fiber activity which
in a real case scenario we observed to be much steeper. The red envelope shows the
interpolated assessment of R and the horizontal black-dotted line indicates the targeted
dark noise activity T . In magenta, the interest estimator I (employing an arbitrary scale)
in shown indicating that it is already strongly peaking at the optimal Bias setting.
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This algorithm has shown excellent performances both in simulated con-
texts and when applied to the detector. On FACT the algorithm typically
requires less than 12 iterations to converge to the best setting; as a precaution
we decided to have the algorithm run 24 iterations during a typical detector
equalization. With this procedure, the entire equalization process requires
less than 4.6 s to be executed, which allows for frequent re-equalization of
the detector.

The equalization procedure can fix the desired dark count rate on a per-
fiber basis; for most operations we found setting it at 50 s−1 a good compro-
mise between noise and efficiency. The possibility to equalize the dark count
rates before every run of AEgIS allows us to increase the reproducibility of
measurements and to safely work with higher dark count rates. Frequent re-
equalization ensure that any degradation of the gain of the MPPCs caused
by thermal drifts will not have time to take place before the next equalization
procedure is performed.

4. Temperature control

Many operational parameters of MPPCs, such as dark counts and effi-
ciency, depend on the operation temperature and are well documented [22];
nonetheless estimating the impact of this dependency on the operation of
FACT has been a non trivial task. The introduction of an equalization pro-
cedure which can be run in a time scale considerably shorter than that of
the thermal excursions to which the detector is subjected (mainly as a con-
sequence of the day/night cycle and of cryogenic servicing of the FACT 1 T
magnet) has prompted the interest to investigate the dependency of the bias
values on the temperature.

Figure 7 shows the total dark count rate of FACT monitored during the
span of an entire night. Every 100 minutes the equalization procedure was
run to avoid the thermal drift to bring the detector to saturation. As pointed
out in section 2, each read-out box is equipped with a temperature sensor:
the drift of the MPPC average temperature during the night is plotted along
that of the dark count. The effect of the temperature on the dark count rate
is clearly seen by comparing the two plots. We can fix the dark count rate by
periodically equalizing the detector, in which case a change in temperature
will induce a variation of the Bias levels. Figure 8 shows the dependence of
the average bias level determined by the equalization procedure as a function
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Figure 7: Above : the total dark count rate of the FACT detector, monitored over 6 hours.
Every 100 minutes the detector equalization was repeated, bringing, for this particular
test, the single-fiber dark count rate to 35 s−1. Below : the average detector temperature
monitored over the same time span; the drift in the dark count rate induced by the
temperature variation is evident.

15



of the average detector temperature; this dependency can be approximated
as linear in the investigated range.

Figure 8: Dependency of the mean Bias determined by the equalization procedure, as a
function of the average MPPC temperature. The measurement has been performed by
periodically calibrating the detector in the span of a night.

The MPPCs of FACT are subject to two thermal baths: the cryogenic
bath of the superconducting magnet (towards which they are to a certain ex-
tent insulated) and the analog frontend board with which they have a better
thermal contact. The FACT frontend operates typically at a temperature
higher than ambient due to the heat generated by the frontend electronics.
To prevent overheating, each frontend box is equipped with a cooling fan,
each of which is individually driven to provide a temperature control.

We implemented the MPPC temperature stabilization as a closed-loop
proportional–integral–derivative (PID) control. Ideally PID would require
the continuous control of the fan rotation speed; this is not feasible with our
hardware as our fans cannot turn slower than a fixed minimum. Instead, we
took advantage of the fact that the timescale at which the detector tempera-
ture drifts is long enough to employ a slow pulse–width–modulation (PWM)
control with a pulse period of one minute to reduce the cooling power. The
readout as well as the fan control being available on a per-box basis allowed
us to control the temperature of the MPPC fixtures individually.

Figure 9 shows the thermal drift of the MPPC holders during the span
of several days both with and without active temperature control. Under
active temperature control the excursion is reduced to 0.06 ◦C RMS, 0.3 ◦C
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peak-peak (0.77 in bias setting units). The combination of the temperature
control and frequent equalization of the detector ensures the maximum sta-
bility of the measurement conditions which is important for the quality of
the combined data set.

Figure 9: Upper: temperature excursion of the MPPC boards with the thermal control
disabled. Lower: the temperature excursion observed with the thermal control enabled.

5. Vertex reconstruction

To discuss the reconstruction of a track in FACT, it is convenient to fix
a cylindrical coordinate system having its axis coordinate z coincident with
the detector’s axis, r as its radial and φ as its azimuth coordinates.
The vertex reconstruction procedure begins with the identification of events,
defined as the collection of rising edges in temporal coincidence. Since we
have chosen bias values which ensure low noise levels (see section 3), noise
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Figure 10: General scheme of the tracking algorithm employed in FACT. Rising edges are
collected following time coincidence criteria to create events. Adjacent fibers within events
are then collected into clusters which are fitted to generate tracks.

rejection is not critical. As a result we can employ a coincidence window
of 10 ns (two FPGA clocks), which accounts for tolerances in the trigger
signal discrimination and in the synchronization of the FPGA clocks without
introducing harmful levels of noise. Every instance of two successive clocks
containing at least two rising edges is considered to be an event. After a list of
all the observed events has been compiled, it is used to build clusters. Within
a cluster, the activation of spatially adjacent fibers are grouped together and
translated into the activation of a “meta-fiber” having r and z coordinates
given by the barycenter of the r and z coordinates of the fibers that constitute
the cluster.

Pairs of clusters situated in different superlayers are used to fit a track
in the FACT detector. Given the scale of the FACT detector and the ener-
gies of the MIPs released after the p̄ annihilation, their trajectories will be
only marginally affected by the magnetic field of the 1 T magnet so that we
can assume those trajectories to be straight lines (when ignoring multiple-
scattering). If we consider a straight trajectory in the three-dimensional
space and project it into the r̂z plane it will result into a hyperbola with the
analytical form [23]:
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r(z) = r0

√
1 +

(z − z0)2

r2
0 tan θ2

, (4)

where r0, z0 are the coordinates of the minimum of the hyperbola and θ =
∆z/∆r is the inclination angle of one of the asymptotes. This curve cannot be
fitted relying solely on two points (one cluster on each superlayer). However
we can exploit the fact that the hyperbola’s asymptotes will always intersect
the r = 0 axis; therefore, as the vertex of the hyperbola gets closer to the
axis, the arms will get closer to being straight lines. Because of the limited
size of the production trap the annihilation vertexes will be situated within
5 mm of the trap’s axis; we therefore opted for approximating the hyperbolae
with straight trajectories in the r̂z plane taking their intersection with the
r = 0 axis as the z position of the annihilation vertex (Fig. 11). Monte Carlo
simulation reproducing the geometry of the FACT detector shows that this
choice introduces a typical error on the reconstructed z position with respect
to the actual z position of the vertex of the underlying hyperbola of 0.9 mm
for vertexes located on the trap axis, 1.3 mm for vertexes located in the trap
volume and 2 mm for vertexes located on the trap walls. Those numbers
are within the initial requirements for the detector to achieve a good plasma
diagnosis (2 mm corresponding to less than half the width of an electrode),
and the monitoring of antihydrogen and beam formation.

Figure 11: Projection of the straight trajectory originating from an annihilation taking
place on the trap wall. The parameters r0, z0 and θ of the hyperbola given in formula 4
are illustrated along with the position of the annihilation and the reconstructed vertex.
The asymptotes of this hyperbola are shown in dashed black.
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6. Detector Efficiency

We have developed a method to produce unbiased efficiency estimators
for each of the 794 individual FACT fibers4 without having to rely on an
external reference and instead using solely the tracking capabilities of the
detector itself. After reconstructing a track we can list all fibers that are
crossed by such track: we divide these fibers into two categories based on
whether they recorded a rising edge at the track time or not. Fibers which
have indeed lit up are named hit while the ones which remained silent are
labeled miss. If our reconstruction capability was independent of the fibers
performance, a fiber’s efficiency ε could be determined by counting hits and
misses for a specific fiber, and would be given by

ε =
Nhits

Nhits + Nmisses

. (5)

However, since inefficient fibers can cause the reconstruction of some
tracks to fail, the efficiency estimator of a single fiber has to be carefully
chosen. A fiber lighting up can only be considered as a hit if the track re-
sponsible for this hit could have been reconstructed without considering this
fiber. This implies that a cluster consisting of a single fiber on a super-
layer cannot be counted towards the hits. Figure 12 illustrates the labelling
procedure with three different “hit-miss” configurations [23].

We have verified the procedure using a Monte-Carlo simulation which
confirmed that the method yields a suitable estimator of the detector effi-
ciency.
Two independent measurements based on antiproton annihilations on a down-
stream detector (a Microchannel plate or MCP, see section 7.1) and on
the trap wall led to compatible results giving a mean fiber efficiency of
0.458 ± 0.019. From Monte-Carlo simulations we estimate that the fiber
cladding and the geometrical arrangement of the fibers are responsible for
a loss of about 25 to 30 % of efficiency. Given the mean fiber efficiency ob-
tained, and since the observed efficiencies are similar across the detector, its
average track reconstruction efficiency can be computed :

εtrack(ε) = (1− (1− ε)2)2, (6)

4In the context of the efficiency measurement, “fiber” describes the entire detection
element composed of the scintillating fiber, the clear fiber, the MPPC and the amplification
and discrimination electronics.
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Hit

Hit

Hit

Hit

(a) All four fibers 4 are firing
and are counted as hits.

Hit

Hit

Miss

Not Counted

(b) One fiber is missing, the one
firing on the same superlayer is
not counted as a hit.

Not Counted

Miss

Miss

Not Counted

(c) In a two-fiber track, only the
missing fibers are counted.

Figure 12: Illustrations of the three different hit and miss configurations for tracks recorded
by FACT. The fibers firing are colored in red, those which are counted as “hit” are addi-
tionally circled in white. The fibers not firing are colored in grey, those which are counted
as “miss” are additionally circled in white. As it is sufficient for a track reconstruction to
have one fiber firing on each superlayer, all three scenarios represent successfully recon-
structed tracks. Figures (b) and (c) show only one of the possible scenarios for a three
and two hits configuration, all the other cases are permutations of the shown ones.
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which yields a value of around 50 %. This figure, together with the solid angle
coverage of the detector (2π str), can be used to estimate the signal yield per
antihydrogen annihilation. Since on average three pions are produced by
every single H̄ annihilation, FACT will record on average 0.75 tracks per H̄.

7. Typical signatures

7.1. Antiprotons

We tested the antiproton detection capability of the FACT detector, along
with the reconstruction of axial positions of annihilation vertexes, using p̄
manipulation procedures that we denote as radial release and axial (MCP)
release. An antiproton radial release consists in the deliberate loss of antipro-
ton confinement induced by the manipulation of the segmented electrodes’
potentials (rotating wall) with a phase and frequency that induces insta-
bilities in the trapped plasma. A typical radial release liberates 1.5 × 105

antiprotons within 100 ms. An axial release consists in the deliberate loss of
longitudinal confinement obtained by rising the potential of the electrodes
situated downstream of the production trap, which in turn causes the trapped
p̄ to annihilate on an MCP located downstream of the production trap. This
procedure releases about the same amount of antiprotons in 500 ms.

The signal recorded during radial and axial realeases contains rising edges
whose coincidence in time indicate a common cause of the signal. Hence coin-
cidences of rising edges can be fitted with tracks, allowing the reconstruction
of the axial position at which the annihilation took place. We denoted this
kind of signal a trackable signal. If we try to reconstruct vertex locations
within this signal, we find the resulting distribution to be superimposed onto
a background caused by randomly occurring coincidences, which we call un-
trackable background. We can precisely assess the shape of the untrackable
background by running a Monte Carlo simulation in which we pair random
fiber hits from the recorded data and treat them as if they had occurred in co-
incidence to generate tracks. After reconstructing such expected background
we can subtract it from the recorded data, as shown in figure 13.

During a radial release, most of the p̄ are expected to annihilate in the
proximity of the electrodes holding the plasma inside of the trap as observed
by the ATHENA collaboration using similar release procedures [24]. The two
peaks shown in the top most panel of figure 13 correspond to the position of
the two ends of the stack of electrodes holding the plasma at z = −6 cm and
z = 0.
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Figure 13: Distribution along the z axis of vertexes reconstructed from a controlled radial
release (above) and an axial release (below). The distribution of all reconstructed vertexes,
that comprises the trackable signal and an untrackable background, is shown in red. The
dashed blue lines indicate the untrackable background as reconstructed via Monte Carlo
simulation and in filled-in orange the background-subtracted trackable signal. The peaks
in the upper panel are consistent with the position of the upstream and downstream
electrodes in between which the p̄ plasma is held during this particular procedure. The
peak in the lower panel shows the position of the MCP onto which the antiprotons are
released.
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For an axial release the expected excess of annihilation vertexes at the
position of the MCP is visible in the lower panel of figure 13. The FWHM of
the peak has been measured to be 7 mm. The worsened resolution by a factor
of ∼ 2 (compared to the σ < 2 mm resolution for antiproton annihilations
inside the trap) is due to the MCP being located outside of FACT, which
causes the reconstructed tracks to have a high value of θ. If tracks with θ <
30◦ are selected, the expected resolution at the detector center is recovered.
One should note as well that the axial position of the MCP with respect
to the trap when held at room temperature (as indicated in figure 11) is
different from the one when the system is cold, leading to the roughly 1.5 cm
difference in position.

Antiproton releases can also be used to assess the saturation limitations
of the detector. The leftmost panel of figure 14 shows the rate of tracks
recorded by the FACT detector during an intense radial release procedure
superimposed to the activity recorded by a set of scintillating detectors [8]
installed around the experimental apparatus. Since the scintillating detectors
can record a higher signal rate than FACT, they can be used to assess the
saturation rate of FACT. The left panel of figure 14 shows that at around
50 ms, for this particular antiproton release, the track rate in FACT drops.
The scatter plot (scintillator count rates versus FACT track rate) in the right
panel helps visualizing that the loss-free operation of FACT is achieved up to
a maximum rate of 4× 106 tracks/s. The points beyond this rate correspond
to spikes in the activities which can appear at the beginning of the saturation
period.

7.2. Positrons

Positron bunches are produced using the AEgIS positron system [25]. Briefly,
positrons emitted by a 22Na source are slowed down by a solid Ne moderator
[26] and then prepared by a Surko-style trap [27] and accumulator. The
number of positrons in each bunch is proportional to the number of pulses
from the Surko trap stored in the accumulator. When such a bunch is shot
from the accumulator onto the conversion target, the entire FACT detector
saturates. Following the initial burst the detector is blinded, with all of the
fibers staying over threshold, for a period ranging from 0.4 to 1 µs.

The duration of the blindness region at the fiber level is dependent on the
amount of gamma rays hitting the fiber. This causes an uneven recovery: we
have observed instances in which the fibers located at the edge of the detector
(covering a smaller solid angle with respect to the positronium converter)
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Figure 14: Left: the rate of tracks recorded by FACT during a radial release (in filled-
in purple) superimposed with the activity recorded by the AEgIS scintillating detectors
(in orange); at 50 ms FACT saturates and the rate of recorded tracks drops. Right: the
same data is represented as a scatter plot, showing the limit of the FACT detector before
saturating to be around 4× 106 tracks/s.

recovered after 400 ns while the fibers located in the center of the detector
required around 1.2 µs to recover. The dependency of the blindness period is
roughly linear in the number of injected positrons (Fig. 15). The blindness
period is followed by a tail caused by afterpulses in the MPPC detectors.
This signal, see figure 16, is by its nature untrackable as is confirmed by a
Monte Carlo simulation performed in a similar way as exposed in section 7.1.

7.3. Typical H̄ production cycle signature.

An antihydrogen production cycle begins with the capture of several p̄
shots from the AD beamline. Antiprotons are then cooled, compressed and
transferred into the production trap. A bunch of positrons is then sent onto
a silicon converter and the excitation laser is pulsed initiating the chain of
events culminating in the production of antihydrogen. We set as t = 0 the
time at which the positron bunch impacts onto the converter target. At t =
−3 ms FACT receives a trigger and starts recording the activity inside of the
production trap. Since the p̄ losses are much more feeble than the dark rate of
FACT, in the −3 ms < t < 0 s range the detector is substantially silent with
the dark counts (∼ 50 s−1/fiber) dominating the detected signal as indicated
by the horizontal line in figure 17. At t = 0 the detector is completely
blinded by the γ rays resulting from positron annihilations in the converter
target and, shortly after, by the annihilation of the produced positronium.
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Figure 15: Average time-over-threshold of the first event following the positron burst as a
function of the number of accumulation cycles constituting the positron shot. The number
of cycles, as long as the saturation of the positron accumulation trap is not reached, is a
good measurement of the number of positrons present in a single shot. As it can be seen,
from 400 accumulated shots onward, the duration of the detector blindness is roughly
linear in the number of positrons shot.

Figure 16: Position along the z axis of the reconstructed vertexes recorded in FACT
within 5µs after the positron shot (in red). As the observation window is much smaller
than that available for p̄ release procedures, 300 runs had to be combined together to
obtain a distribution. In dashed blue the expected untrackable component computed from
Monte-Carlo (see §7.1) is shown and can describe the entirety of the signal.
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Figure 17: Typical shape of the activity in FACT during an H̄ production cycle. The
two frames show the same curve at different magnification levels. To obtain these profiles,
1027 different H̄ production cycles have been averaged together. The blue line shows the
global rate of rising edges in the detector, the red curve which fraction of the detector’s
fibers are above threshold at any single moment. The horizontal blue line indicates the
dark count rate of 50 s−1 per fiber. The first 0.4µs after the positron dump is a period of
complete detector blindness. This period is followed (up to ∼ 2µs) by a partial recovery
of the detector where fibers furthest away from the positron annihilation point exhibit
periods of no activity while the central fibers are still on. This period consists fully of
untrackable signal as shown in the upper panel of Fig. 18. Following this region, is a high
activity region including a mix of untrackable and trackable signals (bi-colored hatched
region). From ∼ 7µs the signal is dominated by trackable signals as can be seen from
the lower panel of Fig. 18. After ∼ 20µs the signal becomes again a mix of untrackable
and trackable signals (last hatched region in the lower panel) until the signal is consistent
again with the average dark count rate of the detector.27



Antihydrogen formation procedures were performed with a reduced number
(500) of accumulated pulsed per positron shot, corresponding to a few 106

positrons, in order to mitigate the effect of the MPPCs saturation at early
times. In this configuration, the positron shot is followed by a period of
complete blindness of the entire detector lasting typically 0.4µs during which
all of FACT fibers stay above their threshold. This is followed by a transition
period (up to ∼ 2µs) where the fibers furthest away from the converter target
recover from the blindness period but exhibit a high activity while the central
fibers are still blinded. Vertex reconstruction (see upper panel of figure 18)
shows this period to be fully dominated by untrackable signals, similar to
the ones which were obtained analyzing the period shortly after the e+ shot.
From ∼ 2µs to roughly ∼ 5µs, all fibers have recovered from the blindness
period but the global rate of rising edges remains between 106 and 108 s−1,
dominated by untrackable signals. This large signal precludes the efficient
detection of a trackable signal which would appear in the first ∼ 5µs after
the positron shot. If those were signals from antihydrohen atoms formed in
the center of the trap and annihilating on the inner trap wall, the maximum
H̄ temperature which could be detectable, taking into account the geometry
of the trap, would be ∼ 50 K. After this activity has faded out, in the region
leading up to roughly 20 µs, an excess of activity with respect to the dark rate
still manifests. The rate of reconstructed vertexes is typically between 105

and 106 s−1. The z distribution of the vertexes, shown in the lower panel of
figure 18, indicates that the signal consists mostly of a trackable component,
similarly to that which was recorded during p̄ release procedures, and shows
a peak at the z position at which the p̄ plasma is held.

8. Conclusions and outlook

In this work we have described the main characteristics of the FACT
detector as well as a series of developments which led to the successful oper-
ation of FACT during H̄ production runs in the AEgIS experiment. Thanks
to a read-out system relying on a fast Ethernet link and a dedicated control
software, the automation of the data acquisition and a synchronous trans-
fer of the recorded data was implemented which in turn allowed close to
arbitrarily-long acquisitions. An equalization procedure of the 794 fibers was
developed which reduced the detector equalization time to a few seconds, a
short enough duration to allow re-equalization between each H̄ run. The
dependency of the MPPC performance on temperature has been character-
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Figure 18: Distribution of vertexes for the signal shown in figure 17 for two different time
slices highlighting the typical z-distribution for untrackable (top) and trackable signals
(bottom).
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ized, and mitigated thanks to a thermal drift compensation system, which
together with the fast re-equalization procedure drastically increased data
quality. A tracking algorithm was developed and employed to bootstrap the
determination of the fiber efficiency, which was found to be roughly 45 %.
The vertex reconstruction capability of the detector was tested employing p̄
release procedures. The lack of radial sensitivity leads to an axial resolution
between ∼ 1 and 2 mm depending on the radial position of the annihilation,
which is sufficient to monitor the annihilation of antihydrogen atoms trav-
elling toward the envisioned deflectometer apparatus. The blinding of the
detector caused by the injection of positrons into the apparatus was charac-
terized. The limitations in the first 5µs after the positron pulse, precluding
the detection of H̄ with a temperature above ∼50 K, is linked to the response
of the MPPCs. We have considered the possibility of reducing the blindness
region by injecting a pulsed signal in the MPPC bias voltage, timed so that
the bias is null when the positron shot reaches the converter target. Prelimi-
nary tests using this technique have already shown promising results and are
envisioned to increase the capabilities of the detector.
These investigations showed that FACT is a powerful plasma diagnostic tool
and is capable of detecting cold H̄ annihilating on the inner trap surface,
owning its capabilities in part to its low noise, good timing and millimetric
axial position resolution.
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