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Abstract
The mechanism of antiproton-nucleus annihilation at rest is not fully understood, despite substantial previous
experimental and theoretical work. In this study we used slow extracted antiprotons from the ASACUSA appara-
tus at CERN to measure the charged particle multiplicities and their energy deposits from antiproton annihilations
at rest on three different nuclei: carbon, molybdenum and gold. The results are compared with predictions from
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different models in the simulation tools Geant4 and FLUKA. A model that accounts for all the observed features
is still missing, as well as measurements at low energies, to validate such models.

Keywords: antiproton annihilation, nucleus, Monte Carlo simulations, annihilation products, low energy, nuclear reaction

1 Introduction
Antiproton (p̄) annihilation on a nucleus (A) is a par-
ticular nuclear reaction in which part of the released
energy is transferred to the nucleus with reduced
linear and angular momentum, compared to colli-
sions with protons or heavy ions. Consequently, the
decay mechanism of nuclei heated by stopped and
energetic antiprotons allows the observation of some
effects characteristic of heavy-ion reactions, such as
multifragment disintegration, without nuclear com-
pression [1–3]. Our understanding of the mechanism
of antiproton annihilation in nuclear matter is based on
observables such as multiplicity, energy and angular
distributions of secondary particles. Various models,
including the Intranuclear Cascade (INC) model [4,
5], the statistical multifragmentation model [6] or the
Lanzhou quantum molecular-dynamics approach [7]
describe the nuclear dynamics and decay mechanism
induced by antiprotons with varying degrees of suc-
cess. A great amount of complexity in the antiproton-
nucleus annihilation comes from the rich variety of
possible reaction channels triggered by the primary
annihilation mesons.

In addition, the antiproton annihilation process is
still not fully understood at a quark level and the
microscopic models usually include phenomenologi-
cal parameters that have been tuned to reproduce early
and incomplete sets of data. The quark rearrange-
ment model explains the correct order of magnitude
for the branching ratios of p̄p annihilation at rest
into three mesons. However, to account for two-body
modes, kaon production and more precise predictions
of branching ratios, other contributions, such as from
quark-antiquark annihilation have to be included. A
phenomenology was developed to try to extract from
the data the relative importance of the various types of
diagrams, but there is no consensus as to which model
prevails [8].

Annihilation at rest most of the time occurs on a
single nucleon in the peripheral nuclear region, where
the nucleon density is less than 10% of the central
density [5]. For p̄p annihilation, the total energy of
1877 MeV is converted into an average of 3.0±0.2
charged pions (π±) and 2.0±0.2 neutral pions (π0),

with an average kinetic energy of 230 MeV [8, 9].
Kaons and η mesons are produced in about 6% and
7% of all annihilations, respectively. When the annihi-
lation occurs on a neutron, on average 1.07±0.04 π+

and 2.07±0.04 π− are produced [10]. Absorption or
scattering (final state interactions, FSI) of the emit-
ted mesons may follow, with or without break-up
of the nucleus, which depends upon the solid angle
under which the remaining nucleons are seen from
the annihilation point [11], and which may modify the
detected meson distribution [12]. While many anni-
hilation channels have been measured for antiproton-
nucleon (p̄N) annihilation at rest, for p̄A, the branch-
ing ratios have been hitherto reported only for 3He and
4He [10, 13, 14], and the total prong (charged parti-
cle) multiplicity has been measured for a very limited
number of nuclei [15]. Furthermore, even for p̄N
annihilations the current models do not perform satis-
factorily in describing all the aspects of the measured
data.

The bulk of p̄A data originates from LEAR (Low
Energy Antiproton Ring) experiments, taken about
three decades ago by degrading ∼20 MeV antiprotons
in a number of moderators, and ultimately stopping
them in thick targets. In these measurements, only
light prongs were detected (helium and lithium ions
being the heaviest), in certain energy intervals and
within narrow solid angles [1, 3, 16, 17]. Features such
as particle yields and momentum spectra of the emit-
ted pions, protons (p), deuterons (d) and tritons (t)
with energies above 10 MeV were reported, as well as
the energy dissipation (energy transfer to the nucleons
and mean excitation energies [3]). The residual nuclei
have been investigated through measurements of their
radioactivity after p̄ irradiation, i.e. of their gamma
spectra [18–23], and the neutron density distributions
were deduced through nuclear spectroscopy analysis
of the antiproton annihilation residues [24]. The exper-
imental results have been most extensively compared
to the INC, which models the p̄A annihilation through
the antiproton annihilation on a single nucleon, gener-
ating a number of pions which then cascade through
the nucleus in a sequence of interactions with the rest
of the nucleons. Good agreement with data was found
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on the absolute pion and proton yields, however the
momentum distribution of pions and protons emerging
from the annihilation were described with less accu-
racy [25]. For the residue distribution, the evaporation
model provides a satisfactory description [26].

Nevertheless, some characteristics of p̄A annihila-
tion at rest, such as hadronization and total final prod-
uct multiplicities remain unknown. The production of
fragments with short ranges has also not been stud-
ied and there is no experimental evidence for heavier
nuclei than 8He in the energy distributions [17]. The
charge and mass distribution of the highly ionizing
nuclear fragments carry information on the energy
deposited during the intranuclear cascade.

Besides its relevance for nuclear physics stud-
ies, the antiproton-nucleus annihilation at rest is
one of the key processes for experiments at the
Antiproton Decelerator (AD) at CERN, that study
antimatter in laboratory, detecting it through anni-
hilation [27–32]. Monte Carlo simulations are per-
formed to assess the efficiency of tagging antihydro-
gen events [33], relying on the physics assumptions
implemented either in Geant4, such as the CHiral
Invariant Phase Space event generator (CHIPS) [34–
36], Fritiof-Precompound (FTFP) [37–39] and the
newly added Intranuclear Cascade de Liège (INCL)
model [40], or in FLUKA [41–43]. The low energy
annihilation models used in these software packages
are, however, based on hadronic high energy interac-
tions (CHIPS, FTFP) or were developed for medical
physics applications (FLUKA), and were extrapolated
to low energies in spite of the fact that the low-
energy annihilation mechanism is still not well under-
stood [44]. Recent studies have been performed using
5 MeV pulsed antiproton beam from the AD, degrad-
ing it to energies of ∼100 keV in a broad distribution.
Antiprotons annihilating at rest in Al, Cu, Ag, Au and
Si were measured with emulsion and silicon detectors,
as reported in [45–47]. The results revealed significant
discrepancies in the prong multiplicity between mea-
sured data and the Geant4 models, with differences
ranging from 30% to a factor of 4.

In this work, we present new measurements of p̄A
annihilation at rest using a slow extracted, monoen-
ergetic beam of 150 eV, accelerated to 1.15 keV by
the electric potential applied on the solid target. The
antiprotons annihilated on thin targets, providing a
crucial comparison with the models in which the stop-
ping effects and production of secondaries due to
the particle propagation can be neglected. In addi-
tion, this allows the emergence and detection of the

heavy nuclei produced in the annihilation. The pre-
sented work initiates an extended experimental study
at ELENA [48], along with state-of-the art detector
technologies, to study in detail the production of var-
ious charged particles in antiproton induced reactions
in different nuclei (see Sec. 5). The ultimate goal is to
provide a deeper understanding of antiproton-nucleus
annihilation through quantitative and qualitative anal-
yses of FSIs and their and their dependence on the
atomic number.

2 Experimental setup
The ASACUSA-Cusp experiment at CERN, the main
purpose of which is to measure the ground-state
hyperfine splitting of antihydrogen [49, 50], is also
suited for studies with a continuous (DC) beam of
sub-keV antiprotons. The apparatus was supplied with
short pulses of 5.3 MeV antiprotons (∼ 3 · 107 p̄/shot,
every 100 s) from the AD, decelerated to 120 keV
by a radio frequency quadrupole decelerator [51] and
further to ∼10 keV with degrader foils. The slow
extraction cycle (∼140 s) started with antiproton trap-
ping in the MUSASHI (Monoenergetic Ultra-Slow
Antiproton Source for High-precision Investigation)
trap, followed by electron cooling for 40 s with-
out radial compression. The antiprotons were then
released by lowering the trapping potential over 30–
40 s, as described in ref. [52]. A continuous p̄ beam
of 150 eV energy, lasting for about 20 s, was extracted
and transported through the positron-antiproton mix-
ing trap to the annihilation target, as shown in Fig. 1.
The magnetic field of the double cusp, used for pro-
duction of spin-polarized beam for the antihydrogen
experiment, was set to the nominal value [53, 54].

The antiprotons were annihilated on three differ-
ent targets: 2 µm thick diamond-like-carbon (DLC)
and molybdenum foils, and a gold foil of 1 µm thick-
ness, biased at 1 kV. The stopping range of 1.15 keV
antiprotons, according to ref. [55], is ∼46 nm for car-
bon and ∼57 nm for gold. The beam was centered
and focused on the target with an Einzel lens (see
Fig. 1), where both the entrance and exit electrodes
have additional diagonal cuts. Consisting of five elec-
trodes, this lens allows for two-dimensional steering
perpendicularly to the beam axis.

The on-target beam size was determined by first
measuring the antiproton beam on the bismuth ger-
manium oxide (BGO) crystal detector used for the
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Fig. 1: Schematic overview of the experimental setup. The x-axis points to the reader.

antihydrogen experiment [56], and by using the results
of ∼30 mm FWHM in x and y direction [57] as an
input to simulations. As the foils then replaced the
BGO for the current measurements, the beam size on
the target foils was estimated from the measured size
of the beam, adding, in the Geant4 simulations, the
1 kV electric potential applied on the foil for fur-
ther focusing. The outcome of this combined work is
shown in Fig. 2a and 2b, where the x-y beam pro-
file and its horizontal (x) and vertical (y) projections
are shown, respectively. A beam size of 10.5 mm in
x and y (FWHM) was obtained, with 92.4% of the
extracted antiprotons annihilating on the 2×2 cm2 tar-
get, and the remainder on the mechanical support.
These results were also confirmed with SIMION [58]
simulations, starting from the same initial conditions
and including the voltage bias on the foil.

2.1 Detection and identification of
charged pions and heavy fragments

The charged annihilation products were simulta-
neously detected by two detectors, a cylindrical
hodoscope surrounding the target and a pixel detec-
tor placed 1 cm behind it (Timepix3 quad), as shown
in Fig. 3. Pions and heavier fragments (p, d, t, He,
Li, etc.) in the forward direction were impinging
on the 2×2 array of Timepix3, with a total area
of 2.8×2.8 cm2. The hybrid pixel detector (HPD)
readout chip, containing 256×256 pixel channels of
55×55 µm2 each, provides a simultaneous informa-
tion of the time-of-arrival (ToA) and the time-over-
threshold (ToT) for each pixel, with a nominal time
resolution of 1.56 ns. The choice of the sensor depends
on the particular application, and, as silicon is well
suited for detection of charged particles, the quad
was coupled to a 500 µm thick silicon sensor. The

detector is able to detect mixed radiation fields, com-
posed of various types of particles, and has a long
history of a variety of applications [59–63]. Its wide
dynamic spectral range allows for detection of all
charged particles depositing energy above the thresh-
old. In this experiment, the detection threshold was
set to ∼1, 000 e− of collected charge per pixel, corre-
sponding to a minimum required energy of ∼3.6 keV
for X rays and low-energy gamma rays, tens of keV
for electrons, hundreds of keV for protons and ∼MeV
for heavy ions [64]. The higher threshold for heav-
ier particles originates from the aluminum electrode,
approximately 500 nm in thickness, that is deposited
on top of the silicon sensor for biasing purposes. For
details about the ASIC and the readout system see
ref. [65–67].

Omnidirectional charged pions were detected with
the hodoscope encircling the foil (Fig. 3), consisting
of two layers of scintillating plastic bars (material EJ-
200) parallel to the beam direction, and two layers
of scintillating fibres (material Saint Gobain BCF-12)
perpendicular to the beam and encircled by each bar
layer. The widths of the bars in the inner and outer
layer are 20 mm and 35 mm, respectively, with a thick-
ness of 5 mm. Both bar layers have an octagonal x-y
cross section and are composed of eight panels, each
composed of four scintillating bars. Every bar is read
out on both ends by silicon photomultipliers (SiPMs,
KETEK 3350TS) of 3×3 mm2 active surface. The
bar hodoscope is capable of measuring the time-of-
flight (ToF) for particles crossing both layers [27].
The fibres, forming two layers of concentric cylinders
are also read out with SiPMs (KETEK PM3350-EB),
bonded with optical cement on one end of each fibre
bundle. The fibre part of the hodoscope provides an
increased position resolution in z-direction. A detailed
description is given in ref. [68].

4



(a)

10− 8− 6− 4− 2− 0 2 4 6 8 10
X,Y [mm]

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

no
rm

. c
ou

nt
s

X profile

Y profile

(b)

Fig. 2: a) x-y profile of the antiproton beam hitting the
target foil, obtained through measurements and Monte
Carlo simulations combined (see the text for details).
A total of 50,000 events were simulated. b) Projections
of the beam profile in x (horizontal) and y (vertical).

The two detectors were time synchronised, and the
data acquisition coincided with the start of the slow
extraction cycle. Every time a hit was detected in both
inner and outer bar layers of the hodoscope, a trig-
ger was issued and this event was time-stamped in the
Timepix3 data stream, where every hit in this detec-
tor was also recorded. The time distribution of these
events (triggers) for one extraction cycle is shown in
Fig. 4a, revealing the 20 s duration of the antipro-
ton beam extracted from MUSASHI within the 140 s
long cycle. The double peak structure is related to the
DC extraction, and possible sources are the imper-
fect cooling of the antiprotons, or a mismatch to
the space charge potential when the well depth was
slowly decreased during the extraction. About 1,000
p̄ annihilation events per slow extraction cycle were

detected, resulting in a total of ∼100,000 annihila-
tion events for each target foil. The triggers outside
the slow extraction window are produced by cosmic
rays or, sporadically, from secondaries of other origin
in the AD experimental hall crossing the hodoscope.
The two small peaks in the Timepix3 distribution
are from two cosmic particles that traversed both the
hodoscope and the Timepix3 detectors. The data anal-
ysis was performed only within the slow extraction
time window.

The absence of degraders to moderate the antipro-
tons prevents pion contamination from upstream beam
annihilations, observed in previous measurements [46,
47, 69], restricting the background contamination to
essentially cosmic rays.

The hits in the Timepix3 were assigned to a par-
ticular event (trigger) according to their ToA. The
interval between two successive triggers ranged from
10 ms to a few 10 ms, as illustrated in Fig. 4b. The
observed cutoff at 10 ms stems from the hodoscope
data acquisition limit of 100 Hz. The nominal cos-
mic background was measured to be ∼1.3 Hz. When
combined with the duration of one extraction (20 s) it
gives a total of 26 cosmics events, which is only 2.6%
of the average number of annihilation events recorded
per run. For the Timepix3 the cosmic ray background
is fully negligible.

2.1.1 Minimum ionizing particles in the
hodoscope

Minimum ionizing particles (MIPs) were detected
with the hodoscope, covering ∼80% of the full solid
angle. The majority of these particles originate from
charged pions generated in the annihilation process.
However, a notable fraction of the identified tracks
are generated by other particles such as electrons,
positrons, and energetic protons (see Sec. 3). The
e+e− pairs arise from the conversion of the two
67 MeV γ-rays from the π0 decay, or from Dalitz
pair decay π0 → γe+e−. Some of the high-energy
protons, with hundreds of MeV of energy originating
from the final state interactions can also cross all four
layers of the hodoscope and produce tracks.

A three–dimensional (3D) tracking algorithm was
employed to ascertain the number of MIPs for individ-
ual annihilation events. The algorithm groups corre-
sponding hits in the fiber and bar detector into subsets
and identifies track candidates by combining these
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Fig. 4: a) A sample time distribution from one extraction cycle showing the triggers issued by the hodoscope and
the number of hits (individual pixels) in the Timepix3. The ∼20 s long slow extraction of antiprotons is clearly
visible (see text for more details). b) The time between two consecutive triggers in ms plotted against the trigger
time for the same extraction cycle.

hits. Subsequently, a linear fit is applied to all candi-
dates within the track collection, and those candidates
that best conform to a straight line are chosen. Further
procedural intricacies are outlined in detail in ref. [68].
Additionally, the determined tracks are used to recon-
struct the annihilation vertex. The resolution σz in the
z-direction for the vertex reconstruction is ∼50 mm.

2.1.2 Charged pions and heavier fragments
in Timepix3

In the pixel detector, charged particles were detected
in ∼25% of the full solid angle. Based on the ToT
proportionality to the amount of charge collected in
each electrode, a per pixel energy calibration was
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carried out using test pulses. The deposited energy
was extracted from the known value of the test pulse
capacitor, assuming an energy of 3.6 eV for the cre-
ation of one electron-hole pair in silicon. The calibra-
tion results were validated with data from a 241Am
radioactive source and cosmic rays. In Fig. 5a, the
lower end of the 241Am spectrum, converted to energy
units, is presented with a Gaussian fit to the character-
istic 59.5 keV peak, determined to be 59.3±2.6 keV.

The energy deposit and morphology of the pix-
elated track that a charged particle generates in the
Timepix3 (also referred to as pixel cluster) are influ-
enced by factors such as the particle type, its kinetic
energy, and the incidence angle. The graph in Fig. 5b
illustrates the dE/dx distribution for cosmic rays,
both in measurements and simulations, exclusively for
clusters with high (>0.8) eccentricity, a measure of
the linearity of a particle track. These elongated tracks
correspond to cosmic rays that cross the Timepix3
at large angles with respect to its normal. The dis-
tribution is modeled with a Landau-Gaussian fit and
compared to Geant4 simulations. The most probable
value of ∼1.4 MeVg−1cm2 agrees with the typical
value characteristic for MIPs in silicon [70].

Due to the geometry of the set-up (see Fig. 3), the
annihilation prongs hit the pixel detector only at acute
angles with respect to its normal. The maximum angle
is ∼55° for prongs emerging from the foil’s center, and
up to ∼67° for prongs originating from annihilations
close to the edges of the target. Most of the particles
impinge on the Timepix3 at angles smaller than these,
which results in the formation of mostly blob-like
clusters and relatively short tracks, with a maximum
length of less than 1.5 mm. Combined with the vari-
ety of particles produced in the annihilation and their
diverse ranges of energies and incident angles, this
allowed only a broad classification of heavily ioniz-
ing particles (HIPs), as opposed to MIPs. In this work,
protons and all heavier nuclear fragments are clas-
sified as HIPs, regardless of their energy. Ongoing
efforts from a number of users of Timepix ASICs are
aimed at developing tools for more precise particle
identification in mixed radiation fields [64].

In this study, the differentiation of MIPs from HIPs
in the Timepix3 was achieved by studying the cluster
morphology and energy deposits from a cosmics data
sample. Since the distribution of the energy deposit
from a cosmic, or a MIP in silicon partly overlaps
with that of protons with energies of ∼100 MeV, other
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Fig. 5: a) Energy spectra of γ-rays from 241Am
measured with the Timepix3 quad. The characteristic
59.5 keV peak is shown together with a Gaussian fit. b)
dE/dx distribution for cosmic rays measured with the
same detector and modeled with a Landau-Gaussian
fit, compared to Geant4 simulations.

criteria, more specific to the cosmics particles were
required to distinguish MIPs in the annihilation data.
Hence, as a first step, a double cut was derived from
the analysis of cosmic data on the highest pixel energy
(E1) within the cluster and the mean pixel energy
(Emean). The energy thresholds were extracted from
the Emean versus E1 distribution depicted in Fig. 6a,
by calculating its cumulative distribution function
(CDF), shown in Fig. 6b. The thresholds were set
to account for >99% of the cosmic rays data sam-
ple, leading to values of 55 keV and 164 keV for
Emean and E1 respectively. The remaining clusters
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Fig. 6: a): Mean pixel energy (Emean) versus high-
est pixel energy (E1) for clusters produced by cosmic
rays in Timepix3. b) Cumulative distribution function
(CDF) for the above 2D distribution, used to extract
cuts on Emean and E1, to exclude MIPs from the
antiproton annihilation data.

underwent further evaluation based on their morphol-
ogy and were categorized as small blobs, large blobs,
or heavy tracks before being identified as HIPs (see
Fig. 8a). The efficiency of removing MIPs from the
annihilation clusters using only energy cuts from cos-
mics was estimated, from simulations, to be ∼97%.
However, it was also revealed that some high-energy
protons can be mistakenly identified as MIPs after
applying these cuts, as shown in Fig. 7. The com-
parison plots show the deposited energy by charged
pions (solid line) and by MIPs tagged after apply-
ing the energy cuts obtained from simulated cosmic

rays (dashed lines) for two Geant4 models ((a) FTF
and (b) CHIPS), for all three targets. Additionally, the
difference between the two energy depositions is pre-
sented at the bottom. The excess counts are attributed
to the aforementioned protons, the quantity of which
depends on the specific simulation model. The per-
centage of these protons incorrectly tagged as MIPs
relative to the total number of detected HIPs varies
between 2% for Mo in CHIPS to 15% for C and Au in
FLUKA.

In data, this issue was addressed by introducing an
additional cut on the number of halo pixels (explained
in Sec. 3), extracted from the cosmic data in a sim-
ilar way as the energy cuts. This way, blob-like and
heavy tracks produced by protons, were distinguished
among the clusters initially tagged as MIPs with the
energy cuts. The efficiency of the cut on the halo pixels
could not be assessed in simulations, since the halo is
an ASIC-specific effect present only in the measured
data. However, the extracted HIPs after the implemen-
tation of this cut in data amount to 10% of the total
number of HIPs in C and Mo, and to 12% in gold.
These values are well within the limits of the model’s
predictions for protons incorrectly tagged as MIPs. In
Fig. 8a, the hitmap shows clusters from 280 annihila-
tion events that were classified as HIPs, while Fig. 8b
shows those discarded as MIPs.

3 Monte Carlo simulations
The Monte Carlo simulations were performed using
three of the physics lists available in Geant4, as well
as FLUKA (fluka 4-2.1). The QGSP BERT CHIPS
model was simulated in Geant4.9.6.p04,
FTFP BERT EMY in Geant4.10.05.p01, and
the most recent one, FTFP INCLXX EMZ in
Geant4.11.2.1. The four models adopt different
approaches when describing antiproton-nucleus anni-
hilation at rest. The presented comparisons comprise
the aforementioned physics lists in their integral form,
but in future this work could be used to compare the
relative importance of different effects.

In CHIPS, any excited hadronic system, such as an
incident particle and target nucleons or nuclear matter,
is considered to be a quasmon - a bubble containing
massless quarks (quark-parton plasma). The fragmen-
tation of a quasmon into hadrons occurs through a
quark fusion mechanism [34]. This is how the mesons
are produced when the antiproton annihilates on a
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Fig. 7: Deposited energy in Timepix3 from MIPs cre-
ated in p̄ annihilations with C, Mo and Au nuclei,
simulated with a) FTFP and b) CHIPS models in
Geant4. The distributions of the charged pions are
shown with solids lines, whereas the dashed lines are
for MIPs tagged by applying energy cuts from sim-
ulated cosmic rays (as described in the text). The
bottom panels show the difference between π± and
MIPs for each foil.

peripheral nucleon. The final state interactions that
follow between these mesons and the residual nucleus
are treated in a similar way, by generating quasmons
whenever some of these mesons are absorbed by the
nucleus. The CHIPS model, as opposed to INC, does
not develop cascades, and the final state particles are
created through hadronization of the quasmons inside
the same nucleus [71].
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Fig. 8: Hitmaps of prongs from 280 antiproton annihi-
lations in carbon, after their categorisation in a) HIPs
and b) MIPs. The colour scale shows the deposited
energy in keV/pixel.

The underlying idea of Fritiof is based on the
hadronic string approach which is used in Monte Carlo
event generators like Pythia [72]. Here it is com-
bined with the Glauber theory for nucleus-nucleus
interactions, which is used to calculate cross sections
for processes that involve the nucleus, such as the
antiproton-nucleus annihilation. The initially created
string between the antiproton and the target nucleus
breaks up into several clusters, which subsequently
decay into final-state particles. Even though it can sim-
ulate the production of intermediate resonances during
the annihilation process, which adds to the under-
standing of the underlying nuclear structure, the model
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does not account for the FSI between the primarily
produced mesons and the residual nucleus, which is
important for predicting the multiplicity distributions
of the final-state particles.

In FLUKA, p̄A annihilation at rest starts with
the antinucleon-nucleon process, modeled through the
production and decay of two or more intermediate
states whose branching ratios are adjusted to repro-
duce multiplicities for pions, kaons and resonances
from experiments. The subsequent interaction of these
particles with the remaining nucleus, as well as all
nuclear effects are treated by the custom preequilib-
rium cascade (PEANUT) model.

The latest update in the Geant4 simulation toolkit
is the recent extension of the Intranuclear Cascade
de Liège (INCL) model [73, 74] for p̄A annihila-
tion at rest [40]. The frequencies and types of the
primary annihilation products are determined from
experimental data. The subsequent intranuclear cas-
cade is based on binary collisions, particle decay
during flight and interactions at the nuclear surface.
The classical approach in INCL can result in the
generation of states that are not physically possible,
such as those prohibited by the Pauli principle. This
is resolved by applying Pauli-blocking tests to the
generated collisions.

The simulations presented here include a com-
plete geometry of the set-up with the Timepix3 and
hodoscope detectors down to their smallest compo-
nents, as well as vacuum pipes, various support struc-
tures etc. To ensure a direct comparison, identical
analysis tools were applied to both data and simu-
lations. Achieving this required extracting the same
type of signal from the simulations–specifically, con-
verting the step-based energy deposits characteristic
of Geant4 and FLUKA into hits in the hodoscope bars
and fibers, and into pixels and clusters in the Timepix3
quad.

For the hodoscope a straightforward threshold on
the deposited energy was implemented to define a hit
(0.7 MeV for the bars and of 0.55 MeV for fibres),
determined from the deposited energy by simulated
cosmic rays. Both Geant4 and FLUKA simulations
consistently indicate that most of the tracks in the
hodoscope are from charged pions. However, a signif-
icant portion is ascribed to other high–energy particles
crossing the four layers of the hodoscope. In FTFP,
CHIPS and INCL their contribution remains constant
at ∼35%, ∼50% and ∼40% respectively, irrespec-
tive of the target. In contrast, for FLUKA the values

range between ∼25% and ∼35%, increasing with the
mass of the nucleus. In CHIPS and FTFP models
∼95% of the non-pion tracks are generated by elec-
trons or positrons, each with tens of MeV of energy,
resulting from the conversion of γ-rays emitted from
the decay of π0 from p̄ annihilation. In FLUKA
however, the surplus of 3D reconstructed tracks is
primarily attributed to high-energy protons. In INCL
most of the non-pion tracks originate from electrons
or positron, but proton contribution is significant with
∼40%. Fig. 9 shows the distribution of the number of
3D tracks per annihilation event for p̄-Au, across the
four models. Additionally, the graph includes a break-
down of the particles fully traversing the hodoscope,
depositing in each layer energy above the threshold
that defines a hit. It is evident that the distribution of
charged pions alone does not reproduce the number
of 3D reconstructed tracks, underscoring the contri-
bution of other particles crossing the detector. This
becomes particularly important when discussing the
multiplicity of MIPs, as it should be noted that in
the annihilation process, particles other than charged
pions, such as protons and electrons, can fully traverse
the Hodoscope and be counted as MIPs.

The Timepix3 simulated data were digitised using
the AllPix2 modular simulation framework, applying
the same bias voltage and charge threshold as during
the actual measurements [75, 76]. The clusters gener-
ated from MIPs in the cosmic rays simulations repro-
duced the morphology and the total cluster energy
of the measured ones, as observed in Fig. 10a. On
the other hand, the digitisation could not consistently
reproduce the measured signal from HIPs, due to fea-
tures of the Timepix3 ASIC, such as the halo, plasma
and the volcano effect [60, 77–80]. These effects arise
from substantial energy deposits, and simulating them
accurately is challenging because HIPs do not always
trigger each of them. The halo (or ”skirt”), indicating
induced low energy signal in the neighboring pix-
els is consistently present. However, when heavier or
more energetic ions deposit a significant amount of
charge over short distances, two additional phenom-
ena may occur: the plasma effect, which extends the
charge collection time and consequently increases the
track width, or the volcano effect, where pixels with
energy deposits exceeding ∼500 keV register signif-
icantly lower values. The measured cluster energy is
then notably lower than the actual deposited energy in
the silicon sensor. In addition, the stochastic nature, in
particular of the volcano effect, makes their qualitative
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Fig. 9: Multiplicity distributions of 3D reconstructed tracks from MIPs detected by the hodoscope in Monte
Carlo simulations, compared to the number of various particles crossing the hodoscope per annihilation event, for
antiproton annihilation at rest in gold with a) FTFP, b) CHIPS, c) FLUKA and d) INCL.
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Fig. 10: Comparison between data and Geant4 simulations before and after digitisation for the deposited energy
for a) cosmic rays and b) α particles from a 241Am radioactive source. For the 241Am the deposited energy before
halo removal is also shown for comparison.
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and quantitative replication in the digitisation unfea-
sible. Therefore, these effects had to be individually
addressed in the data analysis.

The halo pixels, which are easily identifiable due
to the very low energy deposits, were excluded imple-
menting an energy cutoff of 5 keV, based on the pixel
energy distribution derived from 241Am data. Fig. 10b
shows a good agreement of the energy deposition by
α particles from a 241Am source between data (after
halo removal) and Geant4 simulation, both before and
after digitisation, despite the significantly larger clus-
ters observed in data due to the presence of halo pixels.
The small discrepancy is likely attributed to the uncer-
tainties in measuring the distance between the source
and the detector during the measurements.

Even though the volcano effect manifests in indi-
vidual pixels, its occurrence in data was examined in
relation to the total cluster energy, to reveal the total
deposited energy for which this effect has a mini-
mal impact on the measured energy. Such correlation
allows to establish an upper limit on the cluster energy
that ensures a reliable comparison to simulations. The
analysis is presented in Fig. 11, where the fraction of
clusters with volcano effect is plotted as a function of
the deposited energy. Only the clusters produced by
HIPs from annihilation in carbon, molybdenum and
gold were considered. The figure indicates that up to
3 MeV, the volcano effect has a negligible impact,
affecting <5%, while above 5 MeV it is present in
>10% of the clusters. An upper limit of 5 MeV was
chosen for further comparison of the energy deposited
by HIPs to simulations.
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Fig. 11: Fraction of clusters containing volcano pixels,
from annihilation measurements with the three dif-
ferent targets, as a function of total energy deposited
within the cluster.

4 Results and discussion

4.1 Multiplicities
The charged pion multiplicity in antiproton-nucleus
annihilation at rest is influenced by the final state
interactions of the primary pions with the remaining
nucleus. The number of pions that interact with the
nucleus is predominantly determined by simple geo-
metric factors, such as the proximity of the annihila-
tion point to the nuclear surface and the size (mass) of
the nucleus. The number of surviving, and detectable
pions which are not absorbed by the nucleus is related
to the primary pions through:

⟨Nπ±⟩ = ⟨N init
π± ⟩

(
1− Ω

4π

)
(1)

where ⟨N init
π± ⟩ = 3.1 is the charged pion multiplic-

ity produced in the initial p̄-nucleon annihilation [8],
and P = (1 − Ω

4π ) is the average survival probabil-
ity for the emitted charged pions [11]. Ω is the solid
angle under which the remaining nucleus is seen from
the annihilation point, which is close to the nuclear
surface.

Due to the limited geometrical acceptance and
efficiency of the hodoscope, only a fraction of the
surviving charged pions are measured in this exper-
iment. The distributions of MIP particles presented
through the number of reconstructed 3D tracks in the
hodoscope are shown in Fig. 12. No model reproduces
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accurately the distributions obtained from the mea-
surements for all three targets, with FLUKA, CHIPS
and INCL constantly demonstrating more accurate
predictions when compared to data, outperforming
FTFP. To ensure an authentic comparison with data,
the analysis of the simulated data encompassed all
events, irrespective of whether antiprotons annihilated
in the foil or in its mechanical support (∼7% of the
annihilations), as previously mentioned in Sec. 1. For
illustration, excluding antiprotons annihilating on the
support structure from the analysis in the Monte Carlo
data leads to a marginal change of about 0.2% of the
average MIP multiplicity.

A comparison between measurements and simula-
tions of the average MIPs multiplicities detected with
the hodoscope are given in Table 1, along with the
statistical uncertainties. Fig. 13 illustrates these mul-
tiplicities as a function of the target atomic mass.
The predicted dependence on A is slowly decreas-
ing in FLUKA but is constant for FTFP and CHIPS.
INCL constantly underestimates the MIP multiplic-
ities while showing the strongest decrease with A
among the models. Previous experimental studies for
annihilation of stopped antiprotons indicate a rapid
decrease in charged pion multiplicity from A=2 to
A<80, followed by exponential law, after which it
remains nearly constant for higher mass numbers [15].
In our results, the contribution from particles other
than charged pions to the 3D tracks leads rather to
a slowly decreasing dependence on A, in line with
the FLUKA prediction. However, the disagreement
between data and predictions increases with A. For
FLUKA, it ranges from <1% for carbon, 4% for
molybdenum to 8% for gold. The CHIPS model pre-
dictions are almost as precise as FLUKA for carbon
and molybdenum, but are off by 12% for gold. The
results obtained with the FTFP model show a discrep-
ancy between about 7% and 20% with our experimen-
tal data. The new INCL model underestimates the MIP
multiplicity between 7% and 10%.

The heavily ionizing particles, including protons
and heavier nuclear fragments, were detected with the
Timepix3 and tagged with the procedure described in
Sec. 2.1.2. The low energy antiprotons in this exper-
iment were stopped in the first 100 nm of the target,
allowing, for example, protons of minimum ∼200 keV
(∼500 keV) energy to emerge from the 2 µm (1 µm)
thick carbon (gold) foil [81]. The minimum kinetic
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Fig. 12: Multiplicity distributions of MIPs detected
by the hodoscope in measured data and Monte Carlo
simulations, for antiproton annihilation at rest with a)
carbon, b) molybdenum and c) gold.
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Fig. 13: Average number of 3D tracks from MIPs
in antiproton-nucleus annihilation, detected in the
hodoscope, versus atomic mass for carbon, molyb-
denum and gold targets. Measurements and different
Monte Carlo simulation models are compared.

C Mo Au
Data 2.775(7) 2.642(3) 2.491(4)

FLUKA 2.780(6) 2.739(6) 2.686(6)
FTFP 2.981(6) 2.973(6) 2.987(6)

CHIPS 2.793(6) 2.732(6) 2.804(6)
INCL 2.580(6) 2.356(6) 2.306(6)

Table 1: Average multiplicities of MIPs
for antiproton annihilation in carbon,
molybdenum and gold, measured with
the hodoscope detector.

energy for a 4He ion to escape the same targets is
800 keV (2 MeV), on the other hand, a 12C ion would
need a minimum energy of 5 MeV to break free from
the carbon target [82].

In Fig. 14 the multiplicity distributions of HIPs are
compared between data and Monte Carlo simulations
for the three target foils. Each model is most success-
ful in describing the HIP multiplicity for carbon, the
lightest of the three nuclei in this work. FLUKA stands
out as the model that provides the best description of
the HIPs multiplicity across all three targets, followed
by CHIPS. In contrast, FTFP exhibits generally poor
agreement with the measured data, and this disparity
intensifies with increasing atomic mass.

For quantitative comparison, Table 2 presents the
average multiplicities for HIPs in the three target foils.
The prediction by FLUKA for p̄-C annihilation is

C Mo Au
Data 0.521(3) 0.730(5) 0.598(4)

FLUKA 0.575(3) 0.88(1) 0.701(4)
FTFP 0.412(3) 0.120(2) 0.047(1)

CHIPS 0.679(3) 1.290(7) 0.268(3)
INCL 0.383(8) 0.399(8) 0.225(3)

Table 2: Average multiplicities of HIPs
for antiproton annihilation in carbon,
molybdenum and gold, measured with
the Timepix3 quad detector.

10% lower than the measured value, while CHIPS
and INCL overestimate and underestimate it by 30%,
respectively. FLUKA and CHIPS overestimate the
average number of detected HIPs from p̄-Mo anni-
hilation by 20% and 77% respectively, while INCL
underestimates it by 45%. For p̄-Au, FLUKA agrees
within 17%, whereas CHIPS and INCL underestimate
the data by more than 50%. For annihilation in carbon,
FTFP disagrees with data by ∼20%, while for molyb-
denum and gold it underestimates the HIP multiplicity
by a factor of 6 and 12, respectively.

Fig. 15 provides a breakdown of the various
HIPs generated in p̄ annihilation and detected by the
Timepix3, focusing on FLUKA and CHIPS, the two
models that most accurately describe the average mul-
tiplicity. Protons are dominant nuclear fragments in
both models. In FLUKA, about 50% of HIPs for p̄-
C and p̄-Au annihilation are protons, increasing to
around 60% for p̄-Mo. In CHIPS, protons account for
nearly 80% of all HIPs in p̄-C annihilation and exceed
95% for Mo and Au. While both models feature
fragments with Z=2 as the second most represented
heavy prongs, they differ by larger factors for Z>2. In
FLUKA, Z>2 fragments constitute between 2% and
6% of the total HIPs, while in CHIPS they are similar
for p̄-C annihilation (∼2.5%), but drop to <0.1% for
molybdenum and gold.

4.2 Energy deposit from heavy prongs
The energy deposit from a HIP inside the silicon sen-
sor of the Timepix3 quad detector depends on the
type of particle, its kinetic energy as well as the angle
under which the particle hits the detector (Sec. 2.1).
The comparison between data and Monte Carlo mod-
els encompasses all HIPs without distinction, and is
shown in Fig. 16. The bottom part of the plots shows
the difference between data and models in terms of
the standard deviation units. As detailed in Sec. 3,

14



0 1 2 3 4 5
number of HIP clusters

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

no
rm

. c
ou

nt
s

DATA
FLUKA
FTFP
CHIPS
INCL

(a)

0 1 2 3 4 5
number of HIP clusters

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

no
rm

. c
ou

nt
s

DATA
FLUKA
FTFP
CHIPS
INCL

(b)

0 1 2 3 4 5
number of HIP clusters

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

no
rm

. c
ou

nt
s

DATA
FLUKA
FTFP
CHIPS
INCL

(c)

Fig. 14: Multiplicity distributions of HIPs detected by
the Timepix3 quad in measured data and Monte Carlo
simulations, for antiproton annihilation in a) carbon,
b) molybdenum and c) gold.

the volcano effect, an artifact of the Timepix3 ASIC,
constrains the comparison up to 5 MeV.

In p̄A annihilation at rest, protons are emit-
ted through two different processes: evaporation and
direct emission. Evaporated protons typically pos-
sess energies below ∼30 MeV, peaking at ∼15 MeV
according to ref. [16]. This energy corresponds to an
average deposited energy of ∼3 MeV when protons
cross the Timepix3 detector perpendicularly, and to
∼6.7 MeV when impinging on the detector at the
maximum possible angle (67°) from its normal.

In our data, energy distributions for HIPs show a
broad peak around 1 MeV, which, for illustration, is
the average deposited energy for protons with approx-
imately ∼60 MeV (>100 MeV) traveling perpendic-
ularly (at 67° from its normal) through the detector.
Protons, deuterons and tritons with energies up to
about 10 MeV, 15 MeV, and 22 MeV respectively,
deposit more than 5 MeV in the 500 µm thick silicon
sensor [46, 83], and are thus excluded form this com-
parison. 3He and 4He with energies below 30 MeV
are fully stopped inside the Timepix3, releasing all of
their energy.

Despite the quantitative underestimation of HIP
production by FTFP, the energy deposits predicted by
this model show the smallest deviation from data for
annihilations across all three nuclei. FLUKA exhibits
a satisfactory agreement with measurements, with a
consistent shift of the maximum of the distribution
towards lower energies. This behavior is also charac-
teristic of INCL, whose distributions closely follow
those of FLUKA. CHIPS emerges as the model with
the least accurate predictions for the deposited energy
from HIPs, particularly as the atomic mass of the
nucleus increases.

5 Conclusions
In this study we measured antiproton-nucleus annihi-
lation at rest in thin targets, with thicknesses of 1 µm
or 2 µm, using a slowly extracted antiproton beam of
150 eV.

To validate Monte Carlo simulation models in the
widely-used packages Geant4 and FLUKA, we mea-
sured charged particles emitted from the annihilation
of antiprotons in carbon, molybdenum, and gold tar-
gets. The comparison showed that overall, FLUKA
demonstrated the best performance in describing the
production of MIPs and HIPs, two quantities tightly
bound to the final state interactions between initially
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Fig. 15: Breakdown of the different HIPs detected in the Timepix3 for the two models closest to the measured
data, a) FLUKA and b) CHIPS. The linear spline is added to guide the eye, but it also displays the associated error
values.

produced mesons and residual nuclei. FLUKA’s pre-
dictions agree with experimental data within about
20% relative precision, which was confirmed also
in ref. [45]. The discrepancy between the measured
multiplicity of HIPs and FLUKA for Au in our
study (15%) is larger than what was reported in their
study (where they were in agreement). A possible
explanation for this difference is the variation in tar-
get thickness–1 µm in our case versus 10 µm in
theirs. The thinner target allows to detect HIPs over
a broader energy range, including protons with ener-
gies <2 MeV and alpha particles between 2 MeV
and 10 MeV, which cannot leave the 10 µm target.
For heavier ions, this energy range is even wider; for
example, for carbon ions, it extends from 5 MeV to
50 MeV. Therefore, the differing levels of agreement
between FLUKA and experimental data are likely due
to FLUKA overestimating their production.

Among the Geant4 models, CHIPS and INCL
show similar performance, outperforming FTFP in
reproducing fragment multiplicities. However, CHIPS
has been discontinued in the latest versions of Geant4
and is no longer maintained. The primary drawback
of FTFP is the underestimation of HIP production
by large factors, ranging up to 12. Despite the low
rate of produced HIPs, its predictions of the deposited
energy of heavy prongs are the most accurate among
the examined models.

Annihilation data at rest using new technologies
are needed to test the annihilation mechanisms [84].
Future measurements aiming to study the final state
interactions will require a more detailed identification

of the types of outgoing heavily ionizing particles, for
which limited data currently exists. Measuring annihi-
lations in nuclei containing few nucleons, such as Be
or C, with this approach can efficiently identify par-
ticular FSIs of the annihilation mesons and nucleons.
This will be considered in our next project, involv-
ing a detailed, systematic study of p̄A annihilation
at rest, covering approximately 15 different nuclei.
It will be conducted at the AD/ELENA facility at
CERN, using the newly developed, dedicated beam-
line for slow extracted antiprotons at the ASACUSA
experiment. The total multiplicity in nearly 4π solid
angle for charged prongs of various types will be
measured, along with their kinetic energy and angu-
lar distribution. The project will provide an in-depth
investigation of the FSIs, which evolve with the atomic
number, enhancing our understanding of antiproton-
nucleus interactions at low energies. Moreover, the
acquired dataset will be used for detailed valida-
tion of the current, but also future models describing
antiproton-nucleus annihilation at rest.
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Fig. 16: Energy deposited by each HIP in the
Timepix3 quad for data and Monte Carlo simulations,
for antiproton annihilation at rest with a) carbon, b)
molybdenum and c) gold. The lower plots show the
difference in counts between data and the models in
100 keV bins. Each histogram is normalized to the
total number of counts in the range between 0 and
5 MeV.
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K., Marshall, R., Reidy, J.J.: Charged-particle
spectra from antiproton annihilation at rest
in A = 12–238 nuclei. Nuclear Physics A
512(4), 669–683 (1990) https://doi.org/10.1016/
0375-9474(90)90229-F

[17] Markiel, I.N., Daniel, H., von Egidy, T., Hart-
mann, F., Hofmann, P., Kanert, W., Plendl,
H., Ziock, K., Marshall, R., Machner, H.,
Riepe, G., Reidy, J.: Emission of helium ions
after antiproton annihilation. Nuclear Physics
485, 445–460 (1988) https://doi.org/10.1016/
0375-9474(88)90547-7

[18] Moser, E.F., Daniel, H., von Egidy, T., Hart-
mann, F.J., Kanert, W., Schmidt, G., Nicholas,
M., Reidy, J.J.: Yields of residual nuclei after
antiproton annihilation in 95Mo and 98Mo.
Physics Letters B 179(1), 25–29 (1986) https:
//doi.org/10.1016/0370-2693(86)90429-6

[19] von Egidy, T., Daniel, H., Hartmann, F.J., Kan-
ert, W., Moser, E.F., Golubeva, Y.S., Iljinov,
A.S., Reidy, J.J.: Yield of residual nuclei after
antiproton annihilation in Ba. Zeitschrift für
Physik A Atomic Nuclei 335(4), 451–457 (1990)
https://doi.org/10.1007/BF01290193

[20] Moser, E.F., Daniel, H., von Egidy, T., Hart-
mann, F.J., Kanert, W., Schmidt, G., Golubeva,
E.S., Ilinov, A.S., Nicholas, M., Reidy, J.J.:
Residual Nuclei After Anti-proton Annihilation
in Mo and Ho. Z. Phys. A333, 89–105 (1989)
https://doi.org/10.1007/BF01290114
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Petráček, V., Prelz, F., Prevedelli, M., Regenfus,
C., Riccardi, C., RØhne, O., Rotondi, A., San-
daker, H., Sosa, A., Vasquez, M.A.S., Špaček,
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Oberthaler, M.K., Pacifico, N., Petráček, V., Pis-
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