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Abstract: A new generation magnetic spectrometer in space will open the opportunity to inves-
tigate the frontiers in direct high-energy cosmic ray measurements and to precisely measure the
amount of the rare antimatter component in cosmic rays beyond the reach of current missions. We
propose the concept for an Antimatter Large Acceptance Detector In Orbit (ALADInO), designed
to take over the legacy of direct measurements of cosmic rays in space performed by PAMELA
and AMS-02. ALADInO features technological solutions conceived to overcome the current limi-
tations of magnetic spectrometers in space with a layout that provides an acceptance larger than
10 m2 sr. A superconducting magnet coupled to precision tracking and time-of-flight systems can
provide the required matter–antimatter separation capabilities and rigidity measurement resolution
with a Maximum Detectable Rigidity better than 20 TV. The inner 3D-imaging deep calorimeter,
designed to maximize the isotropic acceptance of particles, allows for the measurement of cosmic
rays up to PeV energies with accurate energy resolution to precisely measure features in the cos-
mic ray spectra. The operations of ALADInO in the Sun–Earth L2 Lagrangian point for at least
5 years would enable unique revolutionary observations with groundbreaking discovery poten-
tials in the field of astroparticle physics by precision measurements of electrons, positrons, and
antiprotons up to 10 TeV and of nuclear cosmic rays up to PeV energies, and by the possible unam-
biguous detection and measurement of low-energy antideuteron and antihelium components in
cosmic rays.



Instruments 2022, 6, 19 3 of 40

Keywords: cosmic rays; antimatter; dark matter; particle detectors; space instrumentation

Direct access to precision measurement of cosmic rays (CR) in space has opened a
unique window to investigate the mechanisms of fundamental physics, particle physics,
and the Universe in an approach that is complementary to that pursued in ground-based
laboratories and particle accelerators, and provides distinctive information in the multimes-
senger searches towards the understanding of the Cosmos. Indeed, the operation of particle
detectors in space since the late 2000s such as Fermi-LAT [1], PAMELA [2], AMS-01 [3],
AMS-02 [4], DAMPE [5], CALET [6], NUCLEON [7], and ISS-CREAM [8] have paved the
way for the modern era of precision particle physics in space. These space missions have
been providing groundbreaking information on CRs with energies larger than hundreds
of MeV that not only have consolidated previous observations, but have also revealed
unexpected phenomena not accommodated in the current models that explain the origin,
acceleration, and propagation of CRs [9].

The most recent striking evidences for many unpredicted structures in the CR spectra
and for an overabundance of antimatter in CRs up to TeV energies have been provided
by the magnetic spectrometer detectors PAMELA [2] and AMS-02 [4], taking advantage
of their excellent particle identification capabilities and of the separation of matter from
antimatter particles with their spectrometers, in an approach first pioneered in space by
the AMS-01 mission. However, only upper limits on the abundance of antimatter in CRs
heavier than antiprotons have been set so far [10], as consequence of the finite capabilities
of operating first-generation spectrometer detectors, de facto limiting our understanding of
the matter–antimatter asymmetries in CRs.

Magnetic spectrometers reconstruct the trajectory of charged particles in their magnetic
volume to infer the particle rigidity (R = p/(Ze), i.e., the ratio of the particle momentum p
to the particle charge Ze) and the sign of the electric charge, thus opening the possibility to
separate matter from antimatter CRs to measure the mass of the particle and to provide a
redundant, independent estimation of the particle energy to that provided by calorimeters.
The capability to separate matter from antimatter is clearly not accessible by calorimeter-
based space-borne experiments. In order to enable a revolutionary progress towards the
understanding of CR physics and, in particular, of the antimatter CR physics, a novel
concept for a second-generation spectrometer detector in space is required.

The high-energy CR flux Φ(E) features a strong energy dependence Φ(E) ∝ E−γ with
γ ≈ 3 above tens of GeV, which corresponds to a collected statistics per bin
(e.g., logarithmic) roughly of N(E) ∝

∫
Φ(E)dE ∝ E−γ+1. The expected abundance

of GeV energy heavy antimatter produced in CR collisions is very small, out of reach for the
sensitivity of currently operating detectors in space. An increase in the detector gathering
power by at least two orders of magnitude together with an improvement in the detector
Maximum Detectable Rigidity, MDR (value of rigidity R at which the relative error on the
rigidity itself is 100%, ∆R/R = 1), of at least of one order of magnitude with respect to the
most performing spectrometer experiment operating in space, AMS-02, are consequently
the minimum requirements that should drive the efforts to develop the next-generation
spectrometer detector in space. The state-of-the-art technology currently adopted in space
does not entirely fulfill these requirements. To enable this scenario, the deployment in space
of a magnetic spectrometer based on a superconducting magnet, a solution successfully
pioneered by the BESS balloon-borne superconducting solenoidal magnet spectrometer [11]
and that has never been operated for long-term space missions [12,13], is currently the most
promising solution.

In this work, we discuss the design of a magnetic spectrometer to be operated outside
of the geomagnetic field to advance the measurements of antimatter CRs in space. The core
of the instrument will be based on a superconducting toroidal magnet made of High-
Temperature Superconductor coils and a precision tracking system inside the magnetic
field volume, surrounded by a time-of-flight (ToF) system. The spectrometer is designed
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for precision measurements of the particle rigidity and matter–antimatter separation up
to 20 TV with an acceptance larger than 10 m2sr. An isotropic 3D imaging calorimeter
in the center of the instrument integrates the detector capabilities with precision energy
measurements and e/p separation capabilities. The concept is optimized for a lightweight,
yet accurate, instrument for operation in Earth–Sun Lagrange Point L2 delivered using a
space vector technology that is already available today.

In this document, we first review the current experimental scenario for direct CR
measurements in Section 1. We briefly discuss in Section 2 the latest results achieved in the
physics of CRs, the open challenges, and the out-of-reach observations that could be tackled
by the operation of a new generation magnetic spectrometer in space. We then provide in
Section 3 the rationale of the ALADInO concept and discuss the observational prospects
that could be enabled by its operations in space. We provide in Section 4 a detailed overview
of possible technological solutions for the ALADInO detectors. We conclude in Section 5
with a brief discussion of possible outlooks to enable the opportunity for the ALADInO
mission in L2.

1. Instruments for Direct Detection of Cosmic Rays in Space

Most of the scientific results described in the previous section have been achieved by
precision particle physics measurements with detectors operated in space.

The concepts of high-energy CR space-borne detectors depend on their scientific tar-
gets. Most of the detectors feature an imaging calorimeter used to sample the development
of the shower initiated by the CR to measure its energy, incoming direction, and identify
the rare e± component by the topological analysis of the shower development. The detec-
tor may be integrated with a pair-conversion tracking system to measure the incoming
direction of gamma-rays converting before the calorimeter. This is the concept that has
driven the design of the satellite-borne detectors Fermi-LAT and DAMPE and of the CALET
detector onboard the ISS, which are the most advanced calorimetric CR detectors operating
in space.

In addition to the calorimeter, the detector may feature a spectrometer, which is a
tracking system in a magnetic field and surrounded by a ToF system, and is used to
measure the deflection of the particle trajectory and, consequently, infer the particle rigidity
R and the sign of the charge of the particle. Additional instruments, such as Cherenkov
detectors [14], neutron detectors [15,16], or transition radiation detectors [17–19] are used
to improve the particle identification capabilities.

While calorimetric detectors can have larger exposed area and field-of-view resulting
in a larger gathering power than that of magnetic spectrometric detectors with similar
sizes, they cannot separate matter from antimatter particles solely based on the information
of the interactions of incoming particles in the detector. Fermi-LAT has been able to
separate electrons from positrons in peculiar orbital configurations using the information
on the geomagnetic field [20], but this approach is limited by the finite knowledge of
the details of the geomagnetic field and by its maximum energy reach, and cannot be
considered competitive with a direct charge sign measurement made with a spectrometric
detector. Besides different approaches, such as the analysis of the decay signatures of exotic
atoms created by capture of antinuclei from the atoms of the detector materials that is being
pioneered by the GAPS mission [21] and also exploited in the GRAMS proposal [22], and the
investigating studies to use high-pressure He target for the identification of antideuterons
in space [23], precision measurements of the rare antimatter components in CRs can be
achievedas, as of today, only with the direct measurement of the CR charge sign with a
magnetic spectrometer. Moreover, the aforementioned approaches are limited to the GeV
and sub-GeV energy range, and cannot be used to extend the measurement of antiprotons
towards and above the TeV range.

The current generation of space detectors is based on the experience of the first strato-
spheric balloon missions (e.g., [24–26]) and space missions (see [27] for a recent review).
Magnetic spectrometry is a technique well-established in space by the successful operations
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of the AMS-01 prototype, which for the first time has proven the feasibility of measurements
of high-energy CRs in space with a large acceptance instrument, using a permanent magnet
to generate the magnetic volume [28]. The AMS-01 heritage has been further consolidated
to achieve precision measurements with the PAMELA satellite detector (2006–2016) [29] and
with the AMS-02 detector onboard the International Space Station (ISS) since 2011 [12]. Both
PAMELA and AMS-02 feature permanent dipolar magnets to generate the magnetic vol-
umes of their spectrometer [29,30]. As of today, AMS-02 is the only magnetic spectrometer
operating in space, and no other spectrometric mission is currently planned.

The performances of spectrometric experiments are usually represented in the liter-
ature by few figures of merits: (i) the MDR; (ii) the charge confusion (CC), which is the
probability to reconstruct the opposite sign of the charge and determines the amount of elec-
trons (hadrons) that contaminates the sample of the less-abundant positrons (antihadrons)
component; (iii) the gathering power, measured as the product of the detector acceptance
with the detector-integrated livetime, which depends on the detector effective area, angular
aperture, selection efficiency, and operation duty cycle, and determines the amount of data
collected by the instrument.

Despite the various successful missions for measurement of CRs in space, many open
issues limit our understanding of the origin, acceleration, and propagation mechanisms of
CRs. Proposals for instruments for the measurement of high-energy CRs in the TeV–PeV
energy range include the all-calorimetric HERD instrument onboard the Chinese Space
Station [31] and the spectrometric instrument AMS-100 proposed for operations in Earth–
Sun Lagrange Point L2 [32]. Figure 1 reports a summary of the most relevant operating and
planned instruments for measurement of high-energy CRs in space.
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from [33] (CALET), [34,35] (DAMPE), [36–39] (AMS-02), [40] (HERD), [32] (AMS-100). The values
of acceptance may depend on the analysis to which they are referred, and shall be considered
as a benchmark value only. For AMS-02, the values are reported separately for particles in the
acceptance of the AMS-02 inner tracker (AMS-02 Inner) or of the AMS-02 full tracker (AMS-02 Full).
For ALADInO and AMS-100, the values are reported separately for particles in the acceptance of
the magnetic spectrometer and calorimeter, of the magnetic spectrometer only (MSOnly), and of
the calorimeter only (CaloOnly). NB: this picture does not provide the full set of information to
determine the final performances of each detector, because other factors (such as the spectrometer
MDR or the calorimeter depth and geometry) should be taken into account. For example, for the
high-energy e± measurement, ALADInO is to be compared with AMS-02 Full, which is the AMS-02
configuration with the largest MDR.
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In this work, we discuss a possible concept for a second-generation space-borne
spectrometer, optimized for transport and operation in Earth–Sun Lagrange Point L2
using a space vector already accessible today, to drastically improve the reach of current
measurements, and especially explore the frontier physics in antimatter CRs.

2. Frontier Physics in Charged Cosmic Rays

Revealing the details of baryogenesis and understanding the matter–antimatter asym-
metry observed today in our Universe is one of the most challenging, yet intriguing, open
targets of modern physics. Ground-based experiments have achieved unprecedented re-
sults that are improving our understanding of antimatter production, interactions, and
spectrometry. Nonetheless, we still lack the experimental evidence of a robust mecha-
nism that explains baryogenesis and the amount of antimatter observed in the Universe
(see [41,42] and the “Big-Bang cosmology” review in [43]). Complementary direct obser-
vation of antimatter in the cosmic radiation has the potential to provide independent and
groundbreaking information towards solving these and other open issues [44].

Antimatter particles are only a tiny fraction of CRs, amounting to a detected fraction
of the order of 10−4 for e+ [45,46] and p [47]. Despite the efforts to search for nuclear
antimatter in CRs in the last 20 years [2,48,49], no evidence of heavier antimatter, such as
D or He, has directly been observed in space, and our current understanding sets upper
limits, respectively, to 10−7 for D/D and 10−8 for He/He.

The detection of heavy antimatter such as 4He would represent a groundbreaking, un-
precedented observation with manifold implications in our understanding of baryogenesis
and on the evolution of the early Universe. Production of heavy antimatter in CR collisions,
for nuclear species above 3He, is suppressed below the sensitivity of current experiments.
Roughly, the recent models for antimatter production in CR interactions predict relative
abundances that decrease by a factor of 10−3–10−4 per every added antinucleon [42,50],
resulting in an expected ratio of 4He/p of 10−10. Recently, the AMS collaboration has
shown, at conferences, 3He and 4He candidates, corresponding to a rate of one He event
per 108 He events or to one He event per year for the AMS-02 gathering capabilities [51],
which is in reach only for the most optimistic astrophysics He production models [52]
and, consequently, very difficult to explain in our most detailed framework of CR origin,
acceleration, and propagation. In either case in which the AMS collaboration will publish
the details of this observation after thorough understanding of the detector uncertainties or
this hint may not be confirmed, a second-generation spectrometric mission will provide the
required, independent confirmation of this finding and further push the limit down to the
current expectations.

Properties of light antimatter in CRs (i.e., e+, p, D, 3He) are strictly connected to the
search for Dark Matter (DM). The existence of DM is largely supported by cosmological
observations with intriguing hints on its particle nature, but despite the long-term effort
pursued in DM production experiments at colliders and in direct DM searches , no clear
evidence of DM existence and of its nature has been achieved (see the “Dark Matter” review
in [43] and references therein). Indirect information on DM provided by observations from
space represents a unique, complementary window to unveil the properties of DM. Light
antimatter is the most promising channel to investigate in charged CRs as consequence
of its larger signal yield from DM annihilation or decay with respect to the astrophysical
production from CR collisions.

The operation of CR spectrometers in space has paved the way to precision measure-
ments of the rare antimatter components in CRs. Positrons, which are the most abundant
antimatter component in CRs, have raised widespread interest in the community after
PAMELA first measured a hint of an excess over the expected astrophysical background
above 10 GeV [53] that has been first confirmed and further extended towards TeV en-
ergies by the measurements from AMS-02 [46,54,55]. As of today, there is evidence of
an undoubted excess of antimatter in the e+/− channel that cannot be explained in the
standard scenario of CR origin, acceleration, and propagation (see, e.g., [56]). As of today,
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it is widely recognized that a modification of the CR acceleration, propagation, and inter-
action mechanisms [56–58] or a primary source of e+ and e− is required to explain that
excess. In the latter case, its origin is explained with DM annihilation/decay [59–67] or with
production in nearby astrophysical sources such as pulsars or supernova remnants [68–76].
The outstanding, yet finite capabilities of AMS-02 in terms of gathering power and bending
power will hardly enable the possibility to disentangle which is the dominant source for
the positron excess, and only a second-generation spectrometric mission will feature the
requirements to precisely profile the spectral features of e+ excess in the TeV energies.
Additional measurements on the presence of a preferred direction in the arrival direction of
high-energy e+/− would provide independent hints towards the identification of localized,
nearby astrophysical objects as possible dominating sources of the observed antimatter
excess [77,78], providing further information to finally solve this long-standing puzzle.

Complementary information can be provided from light hadronic antimatter measure-
ments (i.e., p and D). However, no clear indication on unexpected physics has been found
so far in these channels. The latest measurement of antiprotons from AMS-02 [47] is at the
limit of compatibility with the expected yield from astrophysical production in most of
the energy range [79,80], although some tantalizing hints of excesses at low energies are
being discussed [81–84]. The high level of similarity of the high-energy e+, p, and p spectral
shapes despite their different interaction and production mechanisms have also raised
widespread discussion on whether the standard scenario for CR transport mechanisms
should be revised [57]. To investigate possible DM signatures in the high-energy antiproton
spectrum, the available measurements must be extended above the TeV energies, and a
more robust estimation on the astrophysical background contribution to the antiproton flux
must be produced [85–87].

Differently from antiprotons, which feature a relatively strong yield of astrophysical
production background, D and 3He have never been observed in CRs. They feature, how-
ever, a much larger sensitivity to a GeV-energy DM-induced signal, as their astrophysical
background is highly suppressed by kinematics in this region [88–91]. Although the D yield
is barely in reach of current spectrometric experiments in space, even in the most promising
model scenarios, a second-generation spectrometric mission will be able to gather enough
statistics to shed light on this unexplored sensitivity region. Together with possible evi-
dences of low-energy light antimatter excesses found in CRs from alternative measurement
approaches (e.g., GAPS, GRAMS, or ADHD, see Section 1), the undisputed detection of D
and possibly 3He in CRs would provide unprecedented knowledge on the physics of DM,
while a nondetection would strongly limit wide ranges of models and provide important
inputs to other DM search efforts. The detection of antimatter CRs outside of the geomag-
netic field region would strongly limit the systematic uncertainties in the measurement
from secondary trapped anti-CRs and reduce the statistical uncertainty especially at low
energies, strongly improving the robustness and extent of the measurement.

The precision study of CR antimatter clearly requires a strong assessment of the
astrophysical background. At high energies, where the model predictions are mostly
limited by our finite understanding of the primary particle spectra and their interaction
cross sections with the interstellar medium, complementary measurements of high-energy
CRs from protons up to the supra-Fe elements and electrons and improved estimations of
cross section at very high energies by ground-based experiments are required. Important
input will be also provided by improved models of antimatter production dynamics, such
as those from ground-based antimatter facilities and collider experiments. Finally, evidence
of DM signals at energies below tens of GeV may be hidden by the short- and long-term
effects of solar activity in the flux of CRs. Improving our best understanding of these factors
with a campaign of low- and high-energy CR flux measurements, as well as gathering all
required inputs from complementary facilities on the ground, is a mandatory objective of
next-generation spectrometric missions.
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3. Design for an Antimatter Large Acceptance Detector In Orbit (ALADInO)

ALADInO is a mission concept mainly designed to tackle the open points and explore
the frontier of antimatter physics in CRs to provide revolutionary and unprecedented
observations of CRs in space. The instrument is designed for a minimum 5-year mission
in High Earth orbit or, preferably, around L2. The technological solutions for ALADInO
have been conceived to overcome the experimental limitations for the investigations of
antimatter CRs in space with magnetic spectrometers, opening for an increase in the energy
reach and in the detector acceptance, and minimizing the geomagnetic field shielding to
precisely measure the GeV to supra-TeV antimatter CR components. The design of the
instrument has been optimized in terms of layout, weight, dimensions, power consumption,
and expected data throughput to fit in the limits set for transport and operation in Earth–
Sun Lagrange Point L2 using a space vector that is already accessible nowadays. The Ariane
heavy-lift launcher, also designed to transport large astrophysical instruments in L2 such
as the recently launched James Webb Space Telescope [92], has been used as a benchmark
opportunity for the deployment of ALADInO in L2.

Operations in space are mandatory to avoid fragmentation of primary CRs in the
atmosphere before their detection and to ensure the desired observation time. Collection
of CRs far from the geomagnetic field’s strongest regions minimizes the disturbances
and maximizes the amount of low-energy CR statistics. A time-integrated collection
factor of ∼15 m2 sr yr, a MDR of at least 20 TV, and an electron/proton (e/p) separation
at the level of 105 are mandatory to drive a substantial advance in the field. Velocity
measurements with 1% resolution allow for D detection in the energy range where DM
signals are expected. Antimatter/matter separation with a spectrometer is not needed to
study the CR spectrum at PeV energies, but a collection factor of ∼20 m2 sr yr inside the
acceptance of a deep absorbing calorimeter opens the additional opportunity to measure
the CR spectral composition with sufficient statistics at the highest energies.

The strategy adopted to achieve the expected performances while coping with the
stringent requirements on volume, weight, power, and operations in space is based on
two pillars:

• Exploit the CR isotropy with a novel detector geometry to overcome the limitations
in acceptance for telescopic configurations of the spectrometers as used in PAMELA,
AMS-01, and AMS-02;

• Improve the particle detection and identification capabilities with technological up-
grades of well-established and reliable space qualified technologies.

A baseline design for the ALADInO detector is shown in Figure 2. The detector is
equipped with a magnetic spectrometer for CR charge sign identification and rigidity mea-
surement up to a MDR larger than 20 TV. Most importantly, only an optimized, lightweight
superconducting magnet may enable overcoming the limitations of permanent magnets
in space and generate the required high-intensity magnetic field. A layout based on high-
temperature superconducting coils in toroidal configuration is the solution proposed in
this concept. The instrument is further equipped with a 3D imaging calorimeter with high
energy resolution. The calorimeter features a depth of 61 radiation lengths (X0) correspond-
ing to approximately 3.5 nuclear interaction lengths (λI) for precise measurement of the
energy spectra of e± and nuclei above the spectrometer MDR. Finally, the instrument is
completed with a ToF featuring O(%) resolution in the velocity measurement for efficient
deuteron/proton separation. The acceptance of the instrument amounts to more than
∼10 m2 sr for particles in the spectrometer acceptance and ∼3 m2 sr for particles in the
calorimeter and spectrometer combined acceptance. The layout ensures a large level of
cylindrical symmetry around the central axis z, which coincides with the calorimeter longi-
tudinal axis. Figure 3 illustrates the three main acceptance configurations of the detector.
The combined measurements of the spectrometer with the deep absorbing calorimeter
further enables their cross-calibration, opening the opportunity for precision, data-driven
determination of the absolute rigidity scale in space, improving what is achievable at
calibration beams at ground and consequently reducing one of the major systematic uncer-
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tainties in flux measurements [93]. Similarly, the cross-calibration improves the uncertainty
on the absolute energy scale of calorimeters, which in space can be only calibrated at tens
of GeV using a data-driven determination of the geomagnetic rigidity cutoff [94,95], and
which strongly contributes to the error on the determination of the CR flux intensities.

Figure 2. Left: Graphical rendering of the baseline design for the ALADInO detector. The core of
the apparatus is a cylindrical calorimeter (orange). Ten circular magnetic coils (blue) surround the
calorimeter. A silicon tracking system (gray) is arranged in six planes, each composed of several
modules. Two time-of-flight planes (green), each composed of two layers of segmented scintillator
paddles placed in hodoscopic configuration, are located on top of the outer tracker plane and below
the innermost tracker plane. The increasing active area coverage towards the outer region of the
coils minimizes the detector size and weight optimizing the combined spectrometer and calorimeter
acceptance. Right: Detail of the central part of the instrument. The adaptive orientation of the tracker
sensors is set to maximize the trajectory measurement resolution. Figure readapted from [96] under
license CC BY 4.0.

Figure 3. Graphical illustration of the main acceptance configurations of the ALADInO detector for
high-energy particles (straight tracks). (a) Particle crossing the spectrometer only; (b) particle crossing
the calorimeter only; (c) particle crossing the spectrometer and the calorimeter. Figure readapted
from [96] under license CC BY 4.0.
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Data transfer from ALADInO to its ground segment will be a challenge. Based on
considerations on the current data production by AMS-02 [97], we expect that ALADInO
will need to deliver to ground a stream of data with continuous bandwidth of ∼50 Mbps,
which is in reach of what is expected, e.g., for NASA’s Roman Space Telescope [98,99]
planned to be operated in L2. The trigger of charged CRs will be mostly based on the fast
information from the ToF. Additional fast information on energy deposit maps and tracking
reconstruction from the calorimeter may be used to identify e± and high-energy nuclei,
for which nearly 100% efficiency should be achieved. The acquisition rate for low energy
nuclei below tens of GeV must be reduced using trigger patterns with known prescaling
factors: this allows for a low DAQ dead-time and to limit the data rate to be transferred
to ground. Smart algorithms based on fast trajectory reconstruction inside the magnetic
volume (e.g., based on Field Programmable Gate Arrays (FPGA) or Graphics Processing
Unit (GPU) implementations) shall be applied to maintain a high trigger efficiency for
low-energy antimatter nuclei out of the calorimeter acceptance. Random trigger prescaling
will allow to estimate trigger efficiencies below 100%, thus limiting the uncertainty on the
flux normalization due to the finite knowledge of the trigger response. Well-established
on-board data calibration and noise suppression techniques will allow to identify the
electronics channels to be recorded and transferred to ground. These approaches will
enable to reach the required data size (to be determined in later phases of the planning)
to further reduce the rate of data acquisition without affecting the detection of CR species
which are most interesting for the physics of ALADInO. A time window of a few hours
per day to transfer the ALADInO science data to ground with bandwidth of ∼50 Mbps
will be enough, in reach of what is expected for the ground communication strategies of
other scientific payloads operated in L2 (e.g., NASA’s James Webb Space Telescope [100]
and ESA’s EUCLID [101]).

The most relevant ALADInO instrumental figures of merit are summarized in Table 1.
Geometrical and acceptance estimations have been obtained using a simulation of the
instrument detectors generated with the Generic Geant4 Simulation (GGS) package [102].

The discussion of the technological solutions to achieve the target requirements of the
ALADInO detector is part of the latter section of this document.

Table 1. Main detector figures of merit for the baseline ALADInO mission. Values of acceptances
refer to particles in the fiducial volume of the detectors [103].

ALADInO

Spectrometer acceptance >10 m2 sr
Calorimeter acceptance 9 m2 sr
Spectrometer MDR >20 TV
Combined acceptance 3 m2 sr
Calorimeter depth 61 X0 – 3.5 λI

Calorimeter energy resolution 25% – 35% (h)
2% (e±)

e/p separation >105

Time-of-flight resolution <100 ps
Tracker spatial resolution <5µm
Detector weight <6.5 t
Power consumption ∼3 kW
Readout channels ∼2 M
Bandwidth ∼50 Mbps
Preferred orbit around Sun–Earth L2
Mission operation time >5 yr

3.1. Expected Performances for Operations of ALADInO in L2

Based on the general performances reported in Table 1, ALADInO will have the
required capabilities to investigate, for the first time, unexplored frontiers of the physics
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of CRs. Figures 4–6 show the expected measurements and sensitivities for the baseline
ALADInO mission in a selection of relevant physics channels.

Besides the main physics channels discussed in the following, ALADInO will also have
the capability to carry an unprecedented long-term campaign of nuclear CR measurements
up to Fe and heavier nuclei in the supra-TeV energy range with a combined calorimetric
and spectrometric approach and up to PeV energies exploiting the calorimeter-increased
acceptance, and at very low energies with minimum effects by the negligible influence
of the geomagnetic field in a high orbit. More details on the physics objectives of the
ALADInO mission have been already discussed in detail in previous publications [96].

Figure 4. Left: Projected measurement of ALADInO after a 5-year data collection operation for the
e± fluxes in the descriptive model of [46,104] with a TeV break compatible with observations of [34].
Fluxes are multiplied by E3 and the e− flux is scaled down by a factor of 10 for display purposes.
Right: Projected measurement of ALADInO after a 5-year data collection operation for the e+ flux
in 4 different scenarios invoking astrophysical and DM origin of high-energy e+ (violet and red
from [105], green from [106], and blue from [67]) compared with the flux expected only from the
e+ diffuse secondary component (gray from [46]) and with the projections for AMS-02 to 2028 [4].
The accuracy of ALADInO data in the supra-TeV region will allow to disentangle the dominating
source of high-energy e± and to measure directly the properties of the high-energy diffuse secondary
component of e+ CRs. Figure readapted from [96] under license CC BY 4.0.

3.1.1. Electrons and Positrons

The most recent charge-resolved measurements of high-energy e+ and e− are shown in
Figure 4, left. Electrons and positrons show a completely different behavior above 100 GeV;
in particular, the e+ spectrum shows the distinctive feature of an excess with respect to the
lower energy power-law trend starting at few tens of GeV, which rises up to approximately
300 GeV and sharply drops. The available measurements are limited to a maximum reach
of ∼1 TeV [46,104]. As discussed in Section 2, such properties indicate the presence of a
primary, additional source of e± with respect to what expected in the standard scenario of
CR origin, acceleration, and propagation.

ALADInO will precisely measure the spectral behavior of the separate e± fluxes above
100 GeV up to 10 TeV, accurately profiling the details of the e+ excess, maximum, and drop,
and revealing for the first time the spectral features of secondary e+ from CR collisions
beyond the maximum energy reach of the additional component that dominates below
1 TeV. This will open the possibility to pin down the dominating sources of primary e± at
high energies and possibly quantify the DM contribution to it.

The complementary high-accuracy measurement of high-energy e− in the supra-TeV
energies may allow to distinguish various contributions to the e− and e+ energy spectra
providing additional information to disentangle the origin of the high-energy e± excess.
Important information will be additionally provided by the measurement of the level of
anisotropy (or of its upper limit) in the e+ fluxes [77,107], which will be measured with a
sensitivity down to 0.2% (95% CL) above 16 GeV, corresponding to an improvement by a
factor of 10 on the best limits available with the current AMS-02 experiment [46].
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3.1.2. Antiprotons

Taking advantage of the negligible effect of geomagnetic field in its orbit, ALADInO
will provide a high-statistic measurement on low-energy p with an increase of two orders
of magnitude in statistics than what is planned to be collected by the end of the AMS-02
mission [47], providing independent information to that in reach of the planned GAPS
mission. ALADInO will also provide a novel, high-accuracy measurement of p in the
range up to 500 GV, where the existing AMS-02 measurements show a tension with the
astrophysical background models based on secondary production of p from CR collisions
(see, e.g., [79,80]) that no other operating or planned detectors will be able to resolve.
Most importantly, ALADInO will measure for the first time the p energy spectrum in the
supra-TeV energies to provide unprecedented information on its spectral features, shedding
light on an important frontier that could not be otherwise explored.
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Figure 5. Antiproton-to-proton ratio (blue line) as a function of kinetic energy. The green dotted lines
represent the contribution according to standard calculations for the astrophysical background. The
two scenarios represent the contribution of an additional component from 60 GeV (left) and 10 TeV
(right) mass DM particles annihilating in bb [108] (dashed pink line). In both scenarios, projections
for ALADInO in 5 years of observation time are shown (red points) and compared with the recent
measurements by AMS-02 [47] (empty squares). Figure readapted from [96] under license CC BY 4.0.

3.1.3. Antideuteron and Antihelium

Antideuterons are considered the channel with the highest potential to provide break-
through findings for new physics and to investigate the presence of DM in the cosmic
radiation and potentially study its properties. The astrophysical D flux in the GeV and
sub-GeV energy range is extremely suppressed by kinematics, while the D flux from DM
collision is enhanced in the same region. A similar scenario is expected for the 3He flux, al-
though the absolute level of intensity is strongly suppressed with respect to the D flux [109].
Antideuteron searches are and will be performed by AMS-02 and GAPS during the coming
years, with a sensitivity, respectively, of approximately 4 · 10−7 (GeV/n)−1 m−2 s−1 sr−1 and
of 2 · 10−6 (GeV/n)−1 m−2 s−1 sr−1 [110,111] (see Appendix A for a remark on the AMS-02
sensitivity).

ALADInO will completely change the current paradigm, since the amount of collected
statistics will enable not only to detect D in CRs, but it will also open the possibility to
measure its energy spectrum and spectral features up to few GeV/n, even in the case of
astrophysical secondary D contribution only (cfr. Figure 6, left).

The detection of 3He is instead out of reach of AMS-02 and GAPS in most of the
current models, and ALADInO will represent the first opportunity for detection of 3He
in CRs (cfr. Figure 6, right).
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Figure 6. Expected measurement by ALADInO (red points) for the flux of D (left) and 3He ((right) as
a function of kinetic energy per nucleon, in the scenarios of DM models (blue lines) consistent with
available antiproton data [81,112] and astrophysical background with its uncertainties [113]. The best
current upper limits are also shown [114,115]. Antideuteron searches are and will be performed by
AMS-02 and GAPS during the coming years. These instruments combined will leave untested a
significant region of parameter space of DM models. The dotted lines show the ALADInO sensitivity
level, for 5 years of exposure, over its optimal range of detection. The ALADInO measurements for
the flux of 3He in case of astrophysical background only are not shown since the 3He flux would be
approximately compatible with the ALADInO sensitivity. Figure readapted from [96] under license
CC BY 4.0.

4. ALADInO Technologies

The ALADInO subdetectors are based on well-known technologies developed for
high-energy physics experiments and with high Technology Readiness Level (TRL): silicon
sensors, scintillators, and homogeneous calorimeters, which have been in fact successfully
operated in long-term space missions. The major challenges to enable the mission of
ALADInO will be the design and operations of the superconducting magnet, the cryogenics,
and thermal design of the payload; nonetheless, as discussed later in details, the established
space heritages and mature ground R&D activities on the technologies that are of interest
for ALADInO strongly support a scenario for a prompt start of a mission feasibility and
preliminary definition (phases A and B).

As already presented in [96], the core, distinctive system of the instrument is the
magnetic spectrometer. The magnetic field is generated by a superconducting toroidal
magnet, composed of 10 coils that generate an average magnetic field of 0.8 T in the tracker
volume, corresponding to a bending power of 1.1 T·m, while minimizing the stray field
outside of the tracker volume. The usage of High-Temperature Superconductor (HTS) tapes
allows to operate the magnet above 40 K, overcoming the limitations in the instrument
caused by cryogenics based on liquid-He. Inside the magnetic volume, a tracking system
is used to precisely measure the particle trajectory over 6 planes, which are arranged in a
cylindrical adaptive configuration around the instrument axis. The measurement of the
particle trajectory allows to infer the particle curvature and, thus, its rigidity and sign
of the charge. The well-established silicon microstrip technology and low-noise readout
electronics for precision tracking allows to reach a target spatial resolution in the bending
coordinate of at least 5µm, with prospects to improve down to 3µm, with a contained
power consumption of less than 2 kW for a total of ∼2 M readout channels. Together
with the magnet bending power, this results in a rigidity measurement with MDR larger
than 20 TV. In this configuration of the tracker planes, which feature a larger active area
moving from the inner to the outer tracker layer to optimize the gathering volume of the
instrument, the spectrometer acceptance is larger than 10 m2sr. A ToF system based on
two concentric rings of scintillating counters at the edges of the magnet coils coupled with
fast, compact Silicon Photomultipliers for light readout will provide a timing measurement
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with resolution better than 100 ps, which is needed to efficiently identify the trajectory
direction of particles and separate positively from negatively charged particles with the
spectrometer, as well as to achieve the required velocity measurement resolution for p/D
isotopical separation in the energy range where the D signal is expected. The ALADInO
instrument in its baseline configuration is completed by a large-field-of-view calorimeter
placed in the center of the instrument. In order to maximize the combined spectrometer and
calorimeter acceptance, the latter is designed as an array of small crystals arranged over
a cylindrical volume, in an optimized geometry that maximizes the detector acceptance
while minimizing the instrument weight. The calorimeter has, along its diameter, a depth
of ∼61 X0 and 3.5 λI , to absorb the energy deposit of supra-TeV e± and largely improve
the energy resolution for deeply interacting hadrons. The 3D shower imaging capabilities
allow for e/p separation based on the analysis of the shower topology that, combined with
the momentum measurement by the spectrometer, results in an e/p separation capability
better than 105. The combined spectrometer and calorimeter acceptance amounts to 3 m2sr,
which allows to achieve the target statistical sensitivities for measurement of e± and p up
to 10 TeV and of the nuclear CR components up to the PeV energies.

We further discuss in detail, in this document, only the baseline ALADInO layout
described in this Section. Nonetheless, equipping the ALADInO instrument with addi-
tional ancillary subdetectors may enable novel capabilities and improve the performances
for specific physics channels, although it should meet the limits in weight, power, and
compatibility with the other main subdetectors and services. The opportunity to equip AL-
ADInO with a Transition Radiation Detector to improve the sensitivity for e± is discussed
in Appendix B, and will be further investigated in the next phases of the ALADInO project.

4.1. Spectrometer

To achieve the advancements in the frontier physics of CRs as discussed in Section 3,
the next-generation spectrometer operated in space shall feature an average MDR larger
than 20 TV over an acceptance of 3 m2sr. The technology shall also meet the strict re-
quirements for deployment and operation of the whole instrument in L2. In view of this,
an optimized lightweight design of the spectrometer system for the ALADInO detector
based on a high-intensity magnetic field generated by a superconducting magnet system in
a toroidal configuration and a precision tracking system arranged in cylindrical symmetry
around the toroid central axis has been investigated. The spectrometer defines the overall
dimensions of the ALADInO instrument, which features a cylindrical shape with a diam-
eter of 440 cm and 200 cm in length, and largely contributes to the power budgets of the
whole instrument with a power consumption of ∼1.4 kW for the tracker and 1.0 kW for the
cryogenics system. The average field in the tracker volume amounts to 0.8 T providing a
1.1 T·m bending power that, together with the expected bending-view coordinate resolution
from the tracker, allows to achieve the required MDR for high-energy particles.

4.1.1. Superconducting Magnet

The experience with magnetic spectrometers in space has been paved and established
by the successful operations of the PAMELA [116] and the AMS missions (AMS-01 and
later AMS-02), all equipped with permanent magnets. AMS-02 is equipped with a large
dipolar permanent magnet generating 0.14 T, made of Nd-Fe-B sectors assembled in a
cylindrical shell structure 0.8 m long with an inner diameter of 1.1 m [117]. The early design
of AMS-02 included a superconducting magnet cooled with superfluid He, which was built
and successfully tested on the ground [13,118,119] and that, few months before the launch,
was replaced with a permanent magnet to overcome the limitations in the mission due to
the operational constraints from liquid-He cryogenics.

The use of permanent magnets is the most reliable solution to generate magnetic fields
in space because they need neither electrical supply nor control electronics and they cannot
undergo failures. However, they are not viable to generate strong magnetic fields over large
volumes, as required indeed to measure the supra-TeV energy frontier with a spectrometer
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such as ALADInO. In addition, the structure of a magnet such as that of AMS-02 constrains
the acceptance of the whole instrument to a limited angular field of view. Consequently,
the generation of the magnetic field for the ALADInO instrument is provided by a super-
conducting toroidal magnet [120], whose preliminary design comes from the experience of
the SR2S (Space Radiation Superconducting Shield) project [121,122]. A toroidal magnet
allows to confine its field within the coils, leaving a faint stray field on other parts of the
satellite [123]. Moreover, the resulting magnetic field has a minimized dipole moment,
limiting the interactions with the environmental field (either geomagnetic or interplanetary)
and, consequently, forces and torques on the spacecraft. A similar magnetic configuration
was among those proposed in the past for ASTROMAG [124] and, recently, the construction
of a demonstrator toroidal magnet for space spectrometers was proposed in the framework
of a collaboration between CERN and Italian Space Agency [125].

The ALADInO toroid is composed by 10 coils, a number chosen as the best compromise
between two requirements: to maximize the magnetic field azimuthal homogeneity, which
needs distributed conductors (large number of coils), and to maximize the field of view,
which requires concentrated conductors (small number of coils). The coils composing a
toroid can have several shapes (e.g., round, racetrack, D-shaped) with different benefits and
drawbacks, and the shape will be determined to optimize the overall detector performances.
Figure 7 shows the magnet and the map of the magnetic field in a configuration with
10 round coils with 1.45 m diameter. Since the toroid hosts the calorimeter inside its inner
bore, the minimum inner diameter is set to 1 m and the overall magnet radial dimension is
approximately 4.3 m. With 440·103 ampere-turns per coil, the average field on the tracker
is 0.8 T and the stored energy amounts to 3.6 MJ. The maximum field at the conductor is
limited to 3 T. In this configuration of the magnet, the magnetic field is mostly uniform in
the azimuthal direction defined by the coil system. Most importantly, this configuration
of the magnetic field allows to equip the tracking system with position-sensitive sensors
featuring high resolution for measurement of the particle bending direction and lower
resolution for the perpendicular direction, mitigating the power requirements and the
complexity of the system.

Figure 7. Schematic rendering of the magnet and map of the generated magnetic field in the con-
figuration of 10 round coils with the geometry discussed in the text. The field has been simulated
using [126]. The white arrow sketches the direction of the magnetic field inside the coils. Figure
readapted from [96] under license CC BY 4.0.

The coils will be wound with tapes based on HTS, specifically, ReBCO (Rare Earths
Barium Copper Oxide) tapes. Such a conductor allows to operate the magnet at tem-
peratures up to 40 K, avoiding liquid-He cryogenics and the consequent limitations for
long-term stable operations in space. High operative temperatures also provides large
robustness against quench-trigger disturbances. These are related to the specific heat ca-
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pacity at 40 K of solid materials, which is two orders of magnitude higher with respect
to the corresponding values at 4.2 K. This dramatically increases the enthalpy margin of
the magnet. Consequently, the Minimum Quenching Energy (MQE) is so high that the
energy releases sufficient to initiate quenches in low-temperature magnets do not affect the
operations of a ReBCO magnet. The extremely high stability of HTS magnets operating at
40 K, indeed, limits the possible causes of quenches due to failures of the cryogenic system
or to dreadful events such as debris impact.

Although unlikely, quench protection should be considered and is known to be a
major issue in HTS magnets. A possible solution, which does not require any active
quench protection system, is the no-insulation (NI) technique [127] (actually, a resistive
metal insulation) which, in case of quench, allows for current diffusion and protects the
coils. Of course, the lack of dielectric insulation affects the charging ramp rate, which
must be adjusted according to the magnet time constant (up to order of tens of hours).
A problem associated with no-insulation winding in a toroidal magnet in case of quench
or fast discharge is the generation of forces and torques between the coils that must be
supported by a suitable mechanical structure.

State-of-the-art, 4 mm wide, 0.1 mm thick, ReBCO conductors have critical current Ic
(3 T, 40 K) > 300 A [128]. Therefore, the operative current can be set to 244 A, maintaining
an acceptable margin. The number of turns will be 1800/coil and the magnet inductance
about 120 H. Further developments in conductor performances can lead to the reduction of
the number of turns. In the described configuration, the mass of the conductor amounts
to approximately 900 kg. The mass of the magnet, including the mechanical structure,
is estimated to be approximately 1200 kg [120]. The main characteristics of the magnet
proposed for ALADInO are shown in Table 2.

Table 2. Main characteristics of the superconducting magnet based on HTS ReBCO tapes proposed
for ALADInO.

Superconducting Magnet

Number of coils 10
Total current per coil 440·103 A
Operating current 244 A
Inductance 120 H
Average magnetic flux density 0.8 T
Bending power 1.1 T·m
Cold mass 1200 kg

To minimize the heat load and most efficiently operate the magnet in space, the
magnet is planned to be operated in persistent mode [120], similarly to those used for
medical Magnetic Resonance Imaging (MRI). In persistent operation mode, two methods
are possible to charge the magnet: a power supply with disconnectable current leads or
a flux pump. Considering that the magnet must be charged very slowly, the flux pump
is an attractive solution that avoids moving parts and limits the size of the power supply.
Operations of the magnet in persistent mode require high inductance and low resistance.
In a magnet operating far from the critical current, resistance mainly comes from joints.
Methods to make superconducting joints between ReBCO tapes have been proposed [129]
and the technology is quickly developing, leading to great confidence that such solution
could be available at the magnet construction time. Nonetheless, in case soldered resistive
joints must be used, the flux pump can compensate the current decrease that, supposing
1µΩ total resistance, is limited to about 2% per month.

Cryogenics is an important aspect in designing a space magnet that integrates a
particle detector. The heat load on superconducting systems comes from three main
sources: the external environment (mainly the Sun), the calorimeter, and the other detectors
(ToF and tracker). In principle, passive cooling could be a viable solution, taking advantage
of the low temperature of deep space. However, it would require large area radiators.
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The use of cryocoolers consequently appears as a preferable choice. The thermal radiation
power coming from the several sources will be intercepted by a series of radiation shields.
A passive multilayer, umbrella-like, sunshield will be used to intercept the radiation heat
flux from Sun [130]. The sunshield technology is the same used for the Planck satellite [131]
and the James Webb Space Telescope [132,133].

The superconducting coils are subject to multidirectional thermal radiation from
the calorimeter, ToF sunshield and tracker, which are supposed to be operated at high
temperatures. While current spectrometers in space have been operated with temperatures
of their subdetectors around 250 K, studies are in progress to verify the minimum working
temperature of the detector components and, consequently, decrease the heat load on
the magnet. Two thermal shield systems plus cryogenic Multilayer Insulation (MLI) will
be placed around each coil. The first shield set, directly facing the 250 K surfaces, will
be actively maintained at about 80 K by a cryocooler, while the second one, thermally
passive, will be at a temperature close to the magnet working temperature. The 80 K shields
will be thermally connected to the cryocooler by nitrogen pulsating heat pipes, which are
much lighter and efficient than pure copper straps [134–137]. The supports and tie-rods
connecting the coils to the external structure at 250 K will be made using high-strength,
low-thermal-conductivity, materials such as G-10 glass-fiber/epoxy composite. The heat
load is estimated to be in the order of 60 W at 80 K and 3 W at 40 K [120].

In order to reach the TRL of technologies to enable the properties of the superconduct-
ing magnet described in this document for the design proposed for ALADInO, we expect,
as of today, contained R&D technological activities beyond the state of the art, reasonably
lasting 5–6 years. Considering an additional 5 years for design, construction, tests, and
integration, the superconducting magnet for ALADInO could be ready for operations in
space within approximately 10 years.

4.1.2. Tracker

Tracking with a O(µm) coordinate resolution is achieved in ALADInO, in its baseline
design, using double-sided silicon microstrip detectors. While originally developed in the
1980s for microvertex detectors in High-Energy Physics experiments at colliders, the precur-
sor flight of the AMS experiment on the STS-91 mission of the Shuttle Discovery in 1998 first
demonstrated that thin O(300µm) silicon microstrip detectors can be successfully operated
for precision particle tracking in space. Since then, silicon trackers have been adopted in
most space-borne calorimetric experiments (AGILE [138], Fermi-LAT [139], DAMPE [140]),
or magnetic spectrometers (PAMELA [29], AMS-01 [28], AMS-02 [30]), for cosmic ray and
gamma-ray measurements in space. As of today, O(100 m2) of silicon sensors for tracking
detectors are currently being operated successfully in space in long-term missions.

In silicon microstrip trackers, precision measurement of particle coordinates is ac-
complished by lightweight, thin layers of active material along the particle trajectory,
consequently reducing the amount of multiple scattering throughout the particle trajectory.
Moreover, silicon microstrip trackers can be operated in absence of consumables (contrary
to gas detectors) and relatively low voltages (few tens of V for sensors with thickness of
hundreds µm). The position of the particle is determined by the analysis of the signal
amplitudes detected by the readout strips closest to the particle crossing trajectory, whereas
the particle charge magnitude can be assessed from the amplitude of the total energy
deposit in silicon, which is proportional to Z2, readout by high-dynamic-range front-end
electronics (FEE) [30].

The design of the tracking system proposed for ALADInO takes advantage from the
heritage of the AMS and PAMELA experiments. In its baseline design, it is composed
of 7540 high-resistivity silicon microstrip sensors, 95× 95 mm2 each, for a total detector
surface of about 68 m2. The sensor design exploits capacitive charge coupling with floating
strips to achieve optimal spatial resolution with a reduced number of readout channels [141].
Sensors are planned to feature, for the bending (nonbending) direction, an implant strip
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pitch of ∼25µm (∼32.5µm or ∼75µm) and a readout pitch of ∼100µm (∼150µm or
∼300µm), thus reading out only one every 4 strips.

The silicon sensors are grouped together for readout and biasing into ladders, each
composed of a variable number of sensors (2 to 7 sensors per ladder, for a total ladder
length up to 66.5 cm) to match the size of the different tracker planes. To minimize the
material in the tracking volume, the FEE is located at the ladder ends. Strips parallel to
the magnetic field lines are daisy-chained through direct microbondings between adjacent
sensors. Exploiting the solution already used, e.g., for the AMS-02 tracker, a metalized
Upilex film running over the ladder length is used for coupling transversal strips to the
corresponding FEE located at the longitudinal edge of the ladder. Each ladder will be
connected to 15 (10) readout chips, 64 channels each, for a total of 960 (640) readout
channels in the bending (nonbending) direction, with an estimated power consumption
of ∼0.5 W per ladder. To provide a possible visualization of ladder units planned for
ALADInO, Figure 8 shows, as reference, the two sides of a ladder built for the AMS-02
detector using smaller (40 × 70 mm2) silicon sensors.

Figure 8. Picture of an AMS-02 ladder made of 12 double-sided 40 × 70 mm2 silicon microstrip
sensors, enclosed in a plastic transport box. Strips measuring the bending direction are readout using
a daisy-chain microbonding connection (top view), while transversal strips are readout via additional
routing provided by a metalized Upilex film (bottom view), such that the FEE readout is located at
the longitudinal edge of the ladder.

The ALADInO tracker is designed to be made of a total of ∼1400 ladders arranged
over six planes surrounding the calorimeter, as visible in Figure 2. The tracker ladders will
be mounted on mechanical support planes made of a low-density aluminum honeycomb
structure enclosed within thin Carbon Fiber Reinforced Polymer (CFRP) skin. In order
to fully exploit the intrinsic resolution of the detectors, and given the worsening of the
resolution for very inclined tracks, a peculiar ladder orientation has been devised, as shown
in Figure 9. The tracker is composed of 10 sections, each hosting 6 tracker planes between
the inner and outer ToF units (see Section 4.3 for the ToF system description), with increasing
active area coverage towards the outer region of the coils to minimize the detector size
and weight while optimizing the combined spectrometer and calorimeter acceptance.
Each section of the ALADInO tracker roughly corresponds in terms of number of sensors,
number of readout channels, and amount in silicon microstrip area, to the whole AMS-02
tracker. The exploitation of the AMS-02 heritage, consequently, strongly supports the need
of a contained R&D activity to enable the construction of the ALADInO tracker.
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Figure 9. Detailed rendering of the silicon ladder orientation in the ALADInO tracker, optimized to
reduce the occurrence of particles with large incident angles in the tracker sensor acceptance. Figure
readapted from [96] under license CC BY 4.0.

The sensor readout pitch, together with low-noise FEE, will ensure a position resolu-
tion more accurate than 5µm for vertically crossing particles. Better performances have
already been obtained by the PAMELA collaboration using shorter ladders but with a
very similar implant pitch [142] (see Figure 10, left). The AMS-02 collaboration has instead
demonstrated the possibility to use long detector modules (up to 60 cm, similar to the
66.5 cm length planned for ALADInO), obtaining a resolution better than 10µm (5–8µm)
for Z = 1 (Z > 1) particles [143]. Further taking advantage of this heritage, negligible R&D
is expected towards the implementation of the ALADInO tracker.

0 5 10 15 20
Incidence Angle (deg)

0

2

4

6

8

10

m
)

µ
S

p
at

ia
l R

es
o

lu
ti

o
n

 (

Figure 10. Left: Spatial resolution of the PAMELA tracker short ladders as a function of the particle
incident angle. Figure recreated by authors of [142] from original data files, see original paper for
details. Right: Distribution of the MDR of the ALADInO spectrometer evaluated with preliminary
numerical simulations over a wide range of incident angles. The result confirms the reach of an
average MDR larger than 20 TV for the expected tracker coordinate resolution.

To reach the aforementioned coordinate resolutions, an excellent knowledge of the
sensor positions must be achieved. The procedure is called, in jargon, alignment. After a
preliminary sensor alignment using cosmic muons or test beam particles at ground [30],
sensors will be subject to misplacement during transport, installation, and operations in
space. Based on the experience with PAMELA [29] and AMS-02 [4,144], a sensor alignment
down to few µm can be reached using high-energy proton and He tracks. Any residual
systematic misalignment (i.e., “coherent misalignment“, introduced by the alignment pro-
cedures that are performed using particles with positive charge only) can be solved by



Instruments 2022, 6, 19 20 of 40

corrections from the comparison of e+ and e− rigidity measurements to the energy mea-
surements by the calorimeter [93]. The ALADInO tracker will operate in an environment
different than that of PAMELA and AMS-02, inside a superconducting and more intense
magnet and in a peculiar but more stable thermal environment. In view of this, extensive
simulations and tests at ground will be carried out to define the most proper strategy to
achieve the sensor position accuracy required to reach the target rigidity measurement
resolution. Finally, unprecedented approaches may come from the possibility to switch off
the magnetic field and align the tracker using undeflected tracks: this represents a very
powerful opportunity to improve the tracker alignment, whose technical feasibility will be
an objective of dedicated studies in the advanced phase of the detector design.

The benchmark for power consumption of FEE readout of currently operating mi-
crostrip silicon detectors amounts to 0.3 mW per channel, such as that of the DAMPE
tracker [140], which adopts an improved version [145] of the same FEE used for PAMELA
and AMS-02. With a moderate R&D activity mostly aimed at the optimization of the readout
FEE, it is consequently conceivable to obtain the design value of ∼3µm coordinate resolu-
tion on long detector modules planned for ALADInO while keeping the aforementioned
limited power consumption.

The dynamic range of the FEE shall extend to reach at least the Oxygen (Z = 8) signal
amplitude without saturation, as already done for AMS-02 [146]. For Z > 8, in fact, if the
strip closest to the particle impact point in the sensor is saturated, the charge coupling
between adjacent strips will allow to recover the charge measurement. The expected charge
measurement resolution combining the 6 tracker plane measurements is expected to be
better than 0.15 c.u. (charge units) for Z < 10 and better than 0.3 c.u. for Z up to 26 (Iron)
and above.

In its baseline configuration, the silicon tracker of ALADInO is expected to have a total
power consumption, for the FEE, of approximately 700 W. Based on the experience gained
in the design and implementation of the current and past generation of silicon trackers
in space, the Data Acquisition (DAQ) system reading the FEE is expected to consume an
additional ∼750 W. Differently from the FEE, the DAQ device is planned to be located at
the periphery of the apparatus far away from the sensors and it will not strongly contribute
to the heat load to be dissipated from inside the spectrometer volume.

The expected performances of the ALADInO tracker have been evaluated using
numeric simulations and track fitting algorithms of particle tracking in the benchmark
magnetic configuration described in Section 4.1.1 for different conditions of pitch angles.
Preliminary results are shown in Figure 10, right, which provides the confirmation that
with the design magnetic field, tracker geometry, and coordinate measurement resolution,
the MDR of the spectrometer is of the order of 20 TV.

4.1.3. Possible Improvements of the ALADInO Tracker

In a time frame relevant for the project, emerging technologies could become mature
enough to be evaluated as replacement for the silicon microstrip technology planned for
the benchmark design. We discuss the possibility to adopt new technologies that may
provide improved performances and capabilities to the ALADInO tracker.

Timing Layers

Low-Gain Avalanche Diodes (LGAD), also called Ultra-Fast Silicon Detectors (UFSD) [147],
are silicon sensors that feature thinner layers (i.e., less material budget) with the same,
or even higher, signal/noise electronic level, which could be considered to replace standard
microstrip Si sensors. The LGAD technology may provide the ALADInO tracker with
timing capabilities in addition to the precision coordinate measurement, with performances
similar to those of the plastic scintillator ToF (i.e., resolutions < 100 ps), providing the appa-
ratus with a independent time-of-flight detector to improve the overall performances (e.g.,
nuclear isotopical separation) and give further redundancy to cross-calibrate the detectors.
Timing information in the tracker could be measured with a spatial granularity down to
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O(1 cm2) (as opposed to the O(100 cm2) of the plastic scintillator ToF), opening the oppor-
tunity for a combined trajectory and timing measurement at the level of single particle even
in the harsh environment of high hit occupancy in the tracker due to large back-scattering
from the calorimeter. The timing capability will thus allow to identify energy deposits in
the tracking planes due to back-scattering particles from the calorimeter and to pile-up
from cosmic rays (i.e., two primary cosmic rays impinging the detector inside the same
trigger and FEE sampling time window), consequently improving the overall tracking
reconstruction efficiency and identification capabilities of the apparatus [148].

In order to enable the readout of the coordinate and timing information over the ∼2 M
tracker channels, dedicated R&D activity is required, mostly for the development of a
low-power consumption Application Specific Integrated Circuit (ASIC) for the concurrent
time and coordinate readout of LGAD sensors, as well as power-consumption mitigation
approaches in the signal readout strategy. In the state of art, silicon microstrip FEE used
in physics instrumentation (e.g., [145]) feature a power consumption of 0.3 mW/channel.
Commercially available front-end chips for Silicon Photomultiplier readout (e.g., [149])
feature few tens of ps resolution with 6 mW/channel power consumption. Since the signal
amplitude produced by a Silicon Photomultiplier in the case of a single photon avalanche
is similar to that produced by a charged particle crossing a typical UFSD with a inner
avalanche layer with a gain of the order of 10, such consumption could be considered as
an available benchmark. It is likely to envisage in the time frame relevant for the project a
reduction in the power consumption per channel from developments in the technology of
such devices or from the optimization of a custom ASIC designed specifically for LGAD
microstrip sensors to be operated in space. Scaling down the consumption by a reasonable
factor ∼2 would result in a total tracker power consumption of ∼5 kW, which is expected
to be compatible for operations of the tracker in space.

A possible backup solution to reduce the power consumption and meet the require-
ment of an overall ∼5 kW power budget while keeping the current benchmark consump-
tion per channel could also involve reading out one every two strips and taking advan-
tage of the capacitive charge sharing to measure the timing for most of tracks, or even
group separate strips with a unique FEE timing channel while keeping separate strip
FEE readout for charge/position measurement. This is not expected to significantly de-
grade the particle identification capabilities offered by the combined timing and coordinate
measurement itself.

Pixel Technology Monolithic Active Pixel Sensors

Particle trajectories can be also tracked with Monolithic Active Pixel Sensors (MAPS [150]).
MAPS feature in-pixel front-end electronics, with significant gain in terms of signal-to-
noise ratio. Data management is carried out on the periphery of the sensor, with in situ
zero-suppression and encoding allowing unequaled data throughput [151]. This feature
is particularly important in dense environments, e.g., near or inside the calorimeters,
providing high-resolution imaging capabilities besides single-hit measurements.

Currently available MAPS are as large as few cm2, with 95% active area. They can be
thinned down to 50µm, reducing the impact of the material on the trajectory of the particle
to less than any other silicon-based option [152,153]. Pixel sides as large as 25µm are
routinely implemented, allowing for single-hit resolution as low as 4µm after corrections
for charge diffusion. These figures are rapidly improving, with next-generation MAPS
prototypes as large as ∼20 cm2, pixel side as low as 10µm, and thickness reduced to
35µm [154].

One- and two-dimensional stitching techniques proved to be effective for adaptation
of MAPS to complex and inhomogeneous mechanical supports: bent and tilted solutions
allow to limit the regions with increased material thickness opposed to the particle motion.
MAPS are fabricated with Complementary metal-oxide-semiconductor (CMOS) technolo-
gies, sharing large-scale fabrication processes and infrastructures with image sensors.
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Shared platforms and test benches allow for a swift pace of development and a remarkable
containment of costs.

At the time of writing, power consumption as low as 20 mW/cm2 has been mea-
sured for payloads on instrumented areas as large as hundreds of cm2. Prototypes of
next-generation Fully Depleted MAPS are available with power consumption reduced
to 5 mW/cm2 for squared pixel layouts and <1 mW/cm2 for striplike sensing elements
(typical dimensions of 25µm× 500µm) [155]. A striplike geometry is particularly rele-
vant for an application where different spatial resolutions are required—for example, in
ALADInO—to measure bending and nonbending coordinates.

A number of features of MAPS are already used to further reduce power consumption.
For instance, analog front-end and discriminator can be continuously active allowing to
power the digital readout only for regions of interest for data acquisition. MAPS fabricated
with CMOS 180µm technology have been chosen for the HEPD-02 payload, to be launched
on-board the CSES-02 satellite by the end of 2022 [156,157]. Further heritage comes from
Timepix hybrid pixel detectors [158], successfully used for dosimetry in space.

4.2. Calorimeter

The main objective of the ALADInO calorimeter is to provide independent and com-
plementary measurements to those of the spectrometer in order to reach the required
accuracy for measurement of antimatter and high-energy CRs. In particular, the ALADInO
calorimeter has been designed to be operated at the center of the spectrometer coils to:

• Ensure a nearly isotropic response to particles entering from different directions, thus
maximizing the detector acceptance;

• Provide a 3D imaging reconstruction of the shower topology to accurately measure
the energy of the primary CR for both electromagnetic and hadronic showers and to
efficiently separate between electron- and hadron-initiated showers.

The design of the ALADInO calorimeter is based on the CaloCube R&D project [159–161],
which, for the first time, has paved the way for the optimization of a calorimeter concept
specifically designed for the measurement of particles impinging isotropically on the
calorimeter. This concept well fits with the geometry of the ALADInO spectrometer. In ad-
dition, its development will benefit from the experience gained in the design, preliminary
tests, and possible future commissioning of the HERD calorimeter [31,162].

The cylindrical ALADInO calorimeter is made of a 3D mesh of small hexagonal,
prism-shaped, scintillating crystals. The highly segmented design allows to efficiently
reconstruct the shower development inside the calorimeter independently on the incom-
ing particle direction and to provide the required e/p separation by the 3D sampling of
the shower development topology. The calorimeter crystals are made of Cerium-doped
Lutetium Yttrium Orthosilicate (LYSO). LYSO is a dense and bright inorganic scintillator,
nowadays easily commercially procurable. Its density (ρ = 7.4 g/cm3), radiation length
(X0 = 1.14 cm), Molière radius (RM = 2.07 cm), nuclear interaction length (λI = 20.9 cm),
and refractive index (n = 1.82) make it a competitive material for compact calorimeters.
Its emission is centered at ∼430 nm, with a decay time constant of 40 ns. It is rather in-
sensitive to temperature changes (with a relative light-yield temperature dependence of
dLy/dT [20 ◦C] = −0.2%/◦C) and, thus, suitable for high-precision calorimetry in the
harsh space environment [163]. In view of its properties, LYSO provides better perfor-
mances with respect to other scintillating crystal materials, especially for nuclei measure-
ments, as consequence of its larger interaction probability and larger shower containment
(see, e.g., [159] for a comparative performance study on several crystal materials). In view
of this, LYSO has been selected as the benchmark solution for calorimetric measurements
in operating and planned small- and large-size missions (such as, e.g., [162,164,165]).

The cylindrical shape and dimensions of the active volume of the proposed calorimeter
design are shown in Figure 11. The calorimeter is arranged in 637 lines each composed
of 25 scintillating crystals resulting in a total 3D mesh of 15925 crystals. Each crystal is
shaped as 3 cm side regular hexagonal prism. Crystals are homogeneously arranged in
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the calorimeter array matrix to completely avoid escape planes, i.e., particle trajectories
completely traversing the calorimeter between gaps. This approach limits the worsening
of energy resolution due to the narrow lateral topology of the electromagnetic shower
component, for which the presence of escape planes increases the event-by-event fluc-
tuations in the total energy deposit. In this configuration, relatively large gaps of 8 mm
are left between crystals to increase the total calorimeter acceptance without a significant
loss in energy resolution. Figure 12 sketches the design of the hexagonal prism crystals
and the arrangement of the crystals in the array in an optimized honeycomb geometry.
The figure also shows the design of two adjacent strings of 25 assembled crystal prisms:
along the longitudinal axis of the calorimeter, crystals are staggered by half-length to avoid
dead space. Figure 13 shows the front view of the calorimeter placed in the center of the
ALADInO experiment.
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Figure 11. Representation of the active volume of the ALADInO calorimeter. 15925 LYSO crystals are
arranged in a total assembly of 637 lines, each made of 25 aligned hexagonal prism crystals. Figure
readapted from [96] under license CC BY 4.0.
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Figure 12. Top left: rendering of the LYSO crystal hexagonal prism shape. Top right: placement of
LYSO crystals in the honeycomb layout projected on the X–Y plane. A gap up to 8 mm between
crystals has been used as optimal compromise to maximize the detector acceptance while keeping
a limited mass budget and without largely impacting the energy resolution for laterally narrow
showers. Bottom: placement of LYSO crystals along the longitudinal axis of the calorimeter. Crystals
with the same X coordinate are staggered by half-length to avoid dead spaces. Figure readapted
from [96] under license CC BY 4.0.
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Figure 13. Detailed rendering of the front view of the ALADInO calorimeter (orange) placed in the
center of the apparatus.

The chosen geometry is the most effective compromise between a fully isotropic
calorimeter (i.e., a sphere with uniform response to particles over its entire surface) and
the technical requirements on crystal procurement, uniform volume coverage, and on the
deployment of electronics/mechanical structures and services for the payload. Besides the
maximization of the detector acceptance while keeping equal mass, the 8 mm gaps between
adjacent crystals allows to accommodate support structures and readout elements.

The calorimeter depth along the diameter corresponds to 3.5 λI and to 61 X0, with a
corresponding ∼9 m2 sr geometric factor for the lateral surface. Its total weight amounts to
approximately 2000 kg.

The signals in the calorimeter crystals are expected to vary from ∼30 MeV released by
Minimum Ionizing Particles (MIP), i.e., relativistic protons not interacting in the detector,
to the 107 MIP signal released in one single crystal by a PeV-interacting hadron. A corre-
spondingly wide dynamic range is then required for the readout FEE to allow for signal
calibration and avoid electronics saturation for high-energy deposits in single crystals.

The light produced in the calorimeter crystals can be measured by photodiodes glued
directly on the surface of each crystal. Two different photodiodes coupled to a large
dynamic range FEE, one with a large collecting area for low signal intensities and one
with smaller collecting area for high intensity signals, will be used to match the required
dynamic range. The application of an optical filter with low transmittance to the small-area
detector could provide further extension of the dynamic range. This approach has been
investigated and already tested in the development of the HERD photodiode readout [162].
An alternative solution that uses wavelength shifting fiber bundles coupled to the faces of
the crystals to route the light signals to photosensors placed outside the active volume of
the calorimeter is also being investigated [31,162] . This approach avoids the occurrence of
ionization signals directly produced by particles of the showers traversing the photodiode
inside the calorimeter.

Benefiting on the already gained experience on the HERD calorimeter [162], the R&D
phase and the effort to reach the required calorimeter performances is expected to be
limited. The development of the photodiode readout using a pair of sensors with different
areas for extension of the dynamic range for the HERD calorimeter also provides a relevant
heritage for concept, development, and tests. The natural starting choice for the FEE
would be to use the HIDRA chip [166], developed by INFN for space experiments. It
features low noise (about 2500 electrons), low power consumption (2.8 mW/channel),
and large dynamic range (from few fC to ∼50 pC). In this ASIC, the dynamic range is
obtained using a charge-sensitive amplifier with an automatic double-gain selection and
a correlated double sampling circuit with a gain ratio of approximately 20. The expected
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saturation level for the small-size photodiode amounts to hundreds of TeV, which is
enough to measure PeV hadronic showers without sizable degradation of the calorimeter
performances. The possible overlap of signal between the two photodiodes allows for data-
driven energy scale calibration. Using the HIDRA chip performances as a reference, the total
power consumption of the FEE and DAQ for the ALADInO calorimeter is expected to be
approximately 200 W, with potential to be improved within the timeframe of the project.

The calorimeter performances have been studied using numerical MonteCarlo simula-
tions based on FLUKA [167] that fully implement the calorimeter geometry, including the
carbon fiber support structure between crystals. Fluxes of electrons and protons in a wide
energy range have been simulated impinging isotropically on the calorimeter cylindrical
surface. The shower reconstruction algorithm takes advantage of the 3D segmentation
of the calorimeter to identify the first point of hard nuclear interaction and consequently
estimate the length of the shower inside the calorimeter, regardless of the position and
arrival direction of the incoming particle. The energy resolution for electrons and positrons
has been evaluated, also with beam test experimental data for the CaloCube prototype [168],
to be better than 2% above few hundreds GeV. The finite interaction length of the calorime-
ter limits the energy resolution for hadrons to around 30%, depending on the amount
of traversed material. Figure 14 shows the shower length distribution for 1 TeV protons
after an event selection aimed to have a reliable energy measurement that operates on the
calorimeter fiducial volume and on the particle pathlength inside the crystals. Based on
this selection, an effective geometric factor has been defined as the overall geometrical
factor multiplied by the selection efficiency. For 1 TeV protons impinging isotropically on
the calorimeter, the effective geometric factor of the calorimeter can reach 5 m2sr, with an
energy resolution varying between 24% at 1 m2 sr to 35% at 5 m2 sr. Simulations studies on
large acceptance calorimeters for CR detection in space show that the energy resolution is
largely independent on the value of the primary particle energy up to 1 PeV, and improves
for higher charge nuclei due to their reduced interaction length and lower intrinsic shower
fluctuations [159].

Figure 14. Left: distribution of the shower length in the calorimeter after the point of first
hadronic interaction for 1 TeV protons impinging isotropically on the calorimeter. Right: depen-
dence of the energy resolution for 1 TeV protons as a function of the effective geometric factor
defined by a selection on the calorimeter fiducial volume and on the particle pathlength inside the
calorimeter crystals.

The 3D imaging capability of the calorimeter allows to separate between positron-
initiated and proton-initiated showers, which is a feature required for the measurement
of the e± components in CRs. Considering that the proton flux in the TeV energy range
is several orders of magnitude (103–104) higher than the positron flux, an e/p separation
factor of at least 105 is needed. Proton-initiated showers develop more deeply in the
calorimeter and their lateral spread is larger than positron-initiated showers. Moreover,
positrons are expected to deposit most of their energy in the calorimeter, while protons
deposit only a fraction of their energy in the calorimeter. The comparison between the
energy deposit in the calorimeter and the rigidity measurement by the tracker provides
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additional e/p separation capabilities to the whole detector. In the framework of the
CaloCube project [159,161,168] preliminary simulations of the proton rejection capabilities
for a similar calorimeter composed of 20× 20× 20 cubic Cesium Iodide (CsI) crystals with
3.6 cm side for a total depth of 39 X0 have been performed, showing e/p separation factors
close to 105 achieved with the standalone information from the calorimeter. Since the
ALADInO calorimeter will be much deeper, will have a similar segmentation, and will
profit also from the independent measurement of the particle rigidity with the spectrometer
in the TeV energy range, we expect to reach a e/p separation capability of at least 105.

4.3. Time-of-Flight (ToF)

The ALADInO ToF system is designed to (a) measure the particle velocity magnitude,
with an accuracy of O(%), and direction; (b) independently measure the particle charge at
the entrance and exit surfaces of the tracking volume; and (c) provide the charged-particle
fast-signal used to trigger the data acquisition.

The design of the ToF system is based on previous PAMELA [169] and AMS [170]
plastic scintillator ToF systems that had similar purposes. Plastic scintillator counters are
detection devices ubiquitous in high-energy particle physics that allow for fast signal, high
light-yields, long durability, and low cost.

The ALADInO ToF system baseline design is composed by two rings above and
below the tracking volume (i.e., the outer and inner ToF). Each ToF ring is constituted by 10
identical planar detection units, i.e., ToF planes, each one equipped with a double layer
of 0.8 cm thick plastic scintillators. Details of the ToF layout can be seen in Figure 15.
The single outer ToF detection unit is composed by a support structure of 190× 130 cm2.
On top of it, 13 plastic scintillator bars of 190× 10 cm2 are arranged along the detector
z-axis; on the other side of the support, 19 scintillator bars of 130× 10 cm2 are arranged in
orthogonal direction. Similarly, the single inner ToF detection unit is composed by a planar
support structure of 90× 30 cm2, which hosts 3 scintillator bars of 90× 10 cm2 aligned
with the detector z-axis on one side, and 9 scintillator bars of 10× 30 cm2 arranged in the
orthogonal direction on the other side. This geometry provides each ToF plane with coarse
x− y measurement capability. The ToF features in total 440 bars, for a global active area
of about 54.8 m2. A possible alternative solution to reduce the scintillator counters length
below 1 m is to halve along the length the bars hosted in the outer ToF ring. The total
number of scintillator bars in this configuration increases to 760. With the chosen scintillator
thickness, the weight of the active material for the ToF amounts to ∼450 kg. Feasibility
studies may confirm the opportunity to equip the ToF with thinner detectors while keeping
high performances in charge and velocity measurements, and reducing the contribution of
the ToF to the instrument mass. Scintillators with 0.5 cm-thickness would result in a loss in
weight of approximately ∼200 kg.

Even if scintillators can be efficiently readout by Photomultiplier Tubes (PMT) that
have been reliably used in space, as demonstrated by the PAMELA [169] and AMS [170]
ToF systems, the use of Silicon Photomultipliers (SiPM) represents an interesting viable al-
ternative. SiPM are more compact and robust; can be biased with low voltage (V < 100 V),
avoiding the needs of HV power supplies on-board the payload; operate in a wide tempera-
ture range; are insensitive to intense magnetic fields; show higher detection efficiencies and
similar timing performances to PMTs; and are more cost-effective (see e.g., [171–173] for an
extensive review of the SiPM technology). Moreover, the use of SiPM has been subject of
intensive R&D in the last years and is foreseen in future cosmic ray measurement missions
on balloons [174,175] and on space-borne instruments [176,177].
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Figure 15. Details of the baseline layout proposed for the ToF outer (left) and inner (right) rings.
The ToF plastic scintillating counters are shown in green, together with the magnet coils (blue),
the silicon tracker sensors (gray), and the calorimeter crystals (orange).

Arrays made of SiPM connected in series and coupled on both sides with scintillators
of dimensions similar to those foreseen in the baseline design (∼1 m) have shown a counter
timing resolution better than 100 ps [178,179]. SiPM coupled to scintillators with smaller
dimensions, of few tens of cm, have shown performances reaching 50 ps [180,181] down
to ∼40 ps in ToF instrument demonstrators for space applications in similar conditions to
those expected for ALADInO [182]. To push for better timing resolution, the ALADInO
ToF bars could be replaced by 15× 15 cm2 tiles readout at two opposite corners in both the
outer and inner ToF, for an estimated global number of 2580 squared counters.

The ToF timing resolution is of primary importance for the ALADInO physics program.
Timing resolutions down to 100 ps or better allow to search for D up to energies where the
secondary D spectrum is expected to be more abundant (which is around 3÷ 4 GeV/n, see
Figure 6). An accurate design of the ToF, as well as a planned R&D activity to investigate
the properties of different scintillator modules geometries and different SiPM technologies,
may allow reaching a single counter timing resolution better than 100 ps.

A precise charge identification is another important target of the ToF system. Differ-
ently from PMT, the response of SiPM is not linear with the increase in light produced by
particles with large Z due to the saturation from concurrent photons converting inside
the same pixel: this can be mitigated by choosing SiPM with small pixel size in order
to increase the number of cells for a given surface, or by increasing the number of SiPM
coupled to the scintillator [180,181]. Prototypes of high-density SiPM with microcell-size
below 12.5µm and photo-detection efficiency between 20% and 40% over the visible light
range are already available [183], which, coupled to a high-range FEE, could potentially
allow for high-range charge measurements up to Iron (Z = 26) and above. Decreasing the
microcell size will also improve the endurance against radiation damage [184], which is a
limiting factor in space [185]. The assessment of radiation damage of SiPM when exposed
to an environment representative of that in space is being investigated by exposure of the
sensors to proton and heavy ion beams [174,186,187].

Studies of charge resolution with scintillators coupled to SiPM already exist [177,188],
showing that separation between elements up to at least Z = 10 is already achievable.
A ToF prototype measurement campaign on ion test beam, as the one available at the CERN
SPS beam line (see [189]), would be essential to understand the achievable performances.
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Temperature plays an important role in the operation of all solid-state devices, in-
cluding SiPM. Since it affects the gain, noise (dark-current), and also the recovery time
of the SiPM [190], temperature is a key parameter to monitor during the operations. Dur-
ing the R&D phase, a detailed study should verify if the planned operation conditions
need a temperature feedback on the power supply to monitor and compensate temperature
fluctuations (see, e.g., [191,192] and references therein for possible approaches).

The FEE should preserve the intrinsic detector performances in terms of energy and
time of arrival measurements together with trigger capabilities. One viable and available
readout ASIC for time-of-flight applications are the PETIROC 2A and TRIROC 1A chip
series provided by WEEROC [193]. The PETIROC 2A [194] chip is designed to readout
up to 32 SiPM combining a very fast and low-jitter trigger with accurate charge and time
measurements (below 40 ps) with a power consumption of 6 mW/channel. Considering
such consumption as a reference benchmark for fast-timing readout, the high segmented
layout for the ToF bars, and a double readout system for the high dynamic range required
for charge measurement of nuclei, this results in a total power consumption for the ToF
of approximately 400 W, including DAQ. This, although not dominating the total power
budget of the instrument (see Section 4.4), has a robust perspective to be further mitigated
with additional advancements in SiPM readout approaches.

In the near future, ToF performances could further improve by taking advantage of
ASIC developments from new applications for high-energy physics, medical imaging, and
space applications (see, e.g., [195]). An example is the LIROC ASIC currently under devel-
opment by WEEROC, for measurement of Lidar in space [196]. It is designed to readout
64 channels with triggering capabilities down to 1/3 p.e. and low-voltage differential trig-
ger output for each channel with an excellent timing resolution (better than 20 ps FWHM)
and power consumption of about 3 mW/channel.

4.4. Power Budget

The innovative design of the ALADInO instrument and of its subsystem layouts has
been optimized also to constrain the power consumption by the most demanding detectors
and services. The most consuming detector subsystem is the tracker, which with ∼2 M
silicon microstrip channels results in a total power consumption for the readout FEE and
DAQ of about 1.4 kW. The calorimeter is readout through approximately 31 k electronics
channels for the readout of each crystal with two photosensors, for an estimated power
consumption of about 200 W. The ToF features a maximum power consumption of 400 W ,
with prospects to be largely mitigated with further R&D for SiPM high speed and large
dynamic range readout. Finally, the cryogenic system will consume approximately 1 kW to
cool the magnet coils and keep them at the nominal operating temperature.

The total power budget of the baseline ALADInO design amounts to approximately
3 kW. Table 3 provides a summary of the power consumption discussed above. This
value is within the expected power availability for the payload. It is mostly based on
considerations on the currently available technologies verified for operations in space
and it has the potential to be further mitigated by R&D activities ongoing on most of
the systems. Improved solutions for the tracking system that open additional scientific
opportunities for the ALADInO detector, as discussed in Section 4.1.2, require more power.
Their implementation strongly depends on the power availability for the payload and the
possible improvements on power mitigation techniques by dedicated R&D activities.
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Table 3. Summary of expected power budgets for the main services and detectors of the baseline
ALADInO instrument. The estimations for the detectors include FEE and DAQ power consumption.

ALADInO Power Budget

Time of Flight 0.4 kW
Calorimeter 0.2 kW
Si-Tracker 1.4 kW
Cryogenics 1.0 kW

Total 3.0 kW

4.5. Mass Budget

The design of the instrument has been optimized also in terms of weight and dimen-
sions to fit in the limits set for transport and operation in Earth–Sun Lagrange Point L2
using the Ariane heavy-lift launcher (see Section 3). The heaviest part of the ALADInO
instrument is the LYSO calorimeter, which weights ∼2.3 t, including ∼300 kg for mechanics.
The ToF and tracker share the mechanical support structure, and their combined weight
amounts to ∼1.5 t. The mass of the superconducting magnet amounts to ∼1.2 t for the cold
mass and ∼0.3 t for its auxiliary systems. In addition to this, up to 0.5 t are conservatively
allocated to any other element (shield, radiators, etc.) for maintaining the magnet in the
required operational conditions. Finally, ∼0.5 t are allocated for the power, readout, and
control electronics of all the subsystems. A summary of the mass budget for the ALADInO
instrument is reported in Table 4. The current total mass estimate is thus lower than 6.5 t
for the whole payload, which is in the range allowed for the launch opportunity identified,
and with prospects for further optimization in the R&D for next years. Although a more
advanced design of the instrument will be produced to provide a more reliable estimate,
this result provides a first robust confirmation on the feasibility to host an instrument such
as ALADInO in a space vector for its deployment in L2.

Table 4. Summary of expected mass budgets for the main services and detectors of the baseline
ALADInO instrument. The total payload mass results below the limit for transport in L2 with the
Ariane heavy-lift rocket. See text (Section 4.5) for additional details on the mass allocations.

ALADInO Mass Budget

Calorimeter ∼2.3 t
Magnet and Cryogenics ∼2.0 t
Time of Flight + Si-Tracker ∼1.5 t
Electronics and Power ∼0.5 t

Total <6.5 t

5. Prospects to Enable the ALADInO Mission

Considering the complexity of the proposed detector layout, as well of the R&D
activities foreseen to enable operations of low TRL technologies and novel approaches in
space, a possible technological pathfinder mission in L2 is envisaged to pave the way for a
large scale mission [96]. The main goal of the ALADInO pathfinder will be to verify the
operations in orbit of the spectrometer based on a superconducting magnet, a technology
that has never been successfully operated in space, in a simplified layout with contained
weight, dimensions, and power consumption. Although mainly thought as a technological
demonstrator, the ALADInO pathfinder in L2 will be able to also anticipate the complete
physics program of ALADInO in those channels that do not require the measurement of
the calorimeter, as similarly done by the prototype AMS-01 flight on the Space Shuttle for
the space-verification of the technologies of the operating AMS-02 instrument. The details
of the planning for the ALADInO pathfinder will be the objective of a future publication.

After demonstrating the technology readiness with the pathfinder, the operation of
ALADInO in the Sun–Earth L2 Lagrangian point for at least 5 years would enable unique
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observations with groundbreaking discovery potentials in the field of astroparticle physics
providing precise measurements of electrons, positrons, and antiprotons up to 10 TeV and
of nuclear cosmic rays up to the PeV scale, and by the possible unambiguous detection and
measurement of low-energy antideuteron and antihelium components in cosmic rays.

Such findings will provide unprecedented insights in the frontier of cosmic ray physics,
with the potential for groundbreaking discoveries out of reach for AMS-02, the only spec-
trometer in operation in space today. No spectrometric missions are planned after AMS-02,
meaning that there will be no opportunity to shed light on the unexplored frontiers of high
energy and very rare cosmic rays. The ALADInO project, although requiring ambitious
developments to enable novel technological solutions in space, represents a credible possi-
bility to operate in a finite timescale a lightweight, yet most accurate spectrometric detector.
R&D activities to develop, test, and optimize for space operations the required technologies
are already progressing in an international effort that takes advantage of the heritage of
established space activities and also builds on the advances in complementary, yet synergic,
activities in progress at forefront institutions such as CERN, INFN, etc. A well-established
network of expertise, activities, and collaborations from academic, research, and industrial
realities exists and can be exploited to enable the possibility to construct and deploy in
space a groundbreaking experiment such as ALADInO.

The ALADInO concept meets the constraints of space vectors that are available today
for transport to L2, independently on the advances to improve the performances and
carrying capabilities of space vectors. Considering the current propitious conditions that
are already available nowadays in terms of instrumentation technology, space operation
heritages, and space vectors, it is possible to envisage that the ALADInO pathfinder could
be operating in the 2030s, opening the way for ALADInO operations in the 2040s. In a
few years of operations, by 2050, ALADInO will have provided unique data to improve
our understanding and possibly solve two of the most subtle yet prominent puzzles of the
century: the missing antimatter in the Universe and the nature of Dark Matter.
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Abbreviations
The following abbreviations are used in this manuscript:

ASIC Application-Specific Integrated Circuit
CFRP Carbon Fiber Reinforced Polymer
CsI Cesium Iodide
CMOS Complementary metal-oxide-semiconductor
CR Cosmic Rays
DAQ Data Acquisition
DM Dark Matter
FEE Front-End Electronics
FWHM Full Width at Half Maximum
FPGA Field Programmable Gate Array
GPU Graphics Processing Unit
HTS High Temperature Superconductors
ISS International Space Station
L2 Earth–Sun Lagrange Point 2
LGAD Low-Gain Avalanche Diode
LYSO Lutetium Yttrium Orthosilicate
MAPS Monolithic Active Pixel Sensors
MDR Maximum Detectable Rigidity
MIP Minimum Ionizing Particles
MLI Multilayer Insulation
MQE Minimum Quenching Energy
MRI Magnetic Resonance Imaging
PMT Photomultiplier Tube
ReBCO Rare-earth Barium Copper Oxide
R&D Research and Development
SiPM Silicon Photomultiplier
SR2S Space Radiation Superconducting Shield
ToF Time-of-flight
TRL Technology Readiness Level
UFSD Ultra-Fast Silicon Diode

Appendix A. AMS-02 Sensitivity to Antideuterium

In Section 2, the AMS-02 sensitivity to D measurements is reported to be approximately
4 · 10−7 (GeV/n)−1 m−2 s−1 sr−1 [110]. The reader should note that the aforementioned D
sensitivity of AMS-02 is based on a preliminary estimation by the AMS collaboration
based on a detector layout with a superconducting magnet, different from that currently in
operation in space. A recalculation of this sensitivity estimation based on updated mission
measurement time, geomagnetic cutoff model, and background fluxes is available in [197].

Appendix B. Transition Radiation Detector

Transition Radiation Detectors (TRDs) are currently used in many accelerator and
cosmic-ray experiments to discriminate between different charged particles with the same
momentum (i.e., electrons against hadrons). Transition Radiation (TR) is emitted in the
X-ray region by ultra-relativistic particles crossing the interface between two regions with
different dielectric constants [198]. A standard TRD consists of a radiator and an X-ray
detector—usually a gaseous counter. The TR yield is roughly proportional to the Lorentz
factor γ of the radiating particle over a wide range of γ, typically spanning over one order
of magnitude [199]. In particular, TRDs are mostly used to provide e/p separation in a
momentum range up to about 1 TV/c [18].

A silicon TRD (SiTRD), employing silicon strip detectors (SSDs) to detect TR X-rays,
could be added to the ALADInO instrument to expand its measurement capabilities. This
will work if the detector is located inside a magnetic field region. In fact, the magnetic
field separates the radiating particles from the TR X-rays, which are absorbed in a detector
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region far apart from the region where the particle deposits its ionization energy. In the
past years, several beam tests were carried out on reduced-scale prototypes to study the
particle identification performances of the SiTRD technology [200–202].

A multiple-module SiTRD for ALADInO could be implemented inserting radiator
layers in front of each tracker plane. This layout would imply the introduction of small
amounts of materials (less than 1% radiation length) in the tracker that, however, are ex-
pected to not affect significantly its tracking performance. The momentum interval where
the SiTRD can identify radiating particles (electrons) from nonradiating ones (protons) is
determined by the choice of the radiator and its geometry, by the distance between the
tracking planes, and by the granularity of the tracker. Operating the SiTRD on ALADInO
allows to provide additional information to discriminate e± from protons in an energy
range up to 1 TeV to that provided by the calorimeter. Since the presence of the magnetic
field makes the two measurements independent, the SiTRD information may allow to
disentangle the irreducible proton contamination in the calorimeter due to early interacting
protons producing high energetic π0. The combined calorimeter plus TRD e/p separation
has been already successfully applied in space instruments (see e.g., [203] for an early
approach in a balloon-borne magnetic spectrometer). Very recently, the results from the
AMS collaboration have indicated that the combined information from calorimeter and
TRD can be used to achieve negligible systematic uncertainties due to residual proton back-
ground contamination in the e± measurement [54,55]. The state-of-the-art TRD operated
in space is that of the AMS-02 instrument. It is a gas-based detector made of a stack of
proportional tubes interleaved by radiators for TR X-rays detection [54], which provides
e/p separation better than 103 up to energies of 400 GeV and 102 at 1 TeV [4]. While these
performances may be used as a benchmark, possible optimization of the radiator and of the
TR X-rays detector of the SiTRD may allow the extension of the highest energy at which e±

can be efficiently separated from protons. Moreover, the use of a solid-state device strongly
improves the safety and long-term stability of the detector performances.
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