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Alpha Magnetic Spectrometer
The Alpha Magnetic Spectrometer (AMS-02) is a 
state-of-the-art cosmic-ray detector installed on the 
ISS, continuously measuring the cosmic-ray flux.
AMS has collected more than 202,000,000,000 
cosmic ray events up to this day, at a rate of about 
45 million events per day.



Alpha Magnetic Spectrometer
These results contribute to different fields of study:
• Dark matter origin
• Antimatter origin
• Astroparticle physics (Primary & Secondary CR)
• Solar physics
• Space environment physics & Space travel
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Cosmic ray origin
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Low Energy Physics
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FIG. 1. The three-dimensional detailed behavior of the AMS (a) proton and (b) helium fluxes as
functions of rigidity from 1 to 10 GV and from 1.9 to 10 GV, respectively and time. The color
code indicates the flux intensity in units of [m2 · sr · s ·GV]�1. During the period of observation,
both fluxes have a distinct minimum in February 2014 (blue line) and a maximum in February
2017 (red line).
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Bartel Proton

Physics channels
• Time-resolved CR fluxes

• Daily (solar events)
• Bartel (solar rotation)
• Yearly (solar activity cycle, solar 

magnetic reversal)
• Flux ratios (p/He, e+/e-, 3He/4He,…)
• Long-term observations

• Neutron monitors
• Satellites (Voyager, Parker probes, 

balloon, …)
• Solar Observables

Daily Proton



Solar Observables
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FIG. 3. The ratio Re of the positron flux to the electron flux as a function of time. The error bars
are statistical. The best-fit parameterization according to Eq. (3) is shown by red curves. The
polarity of the heliospheric magnetic field is denoted by A < 0 and A > 0. The period without
well-defined polarity is marked by the shaded area [17].
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Low Energy Physics
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CR transport equation
• Parker’s equation

• Solar wind & heliospheric magnetic field
• Numerical & Stochastic resolution of the equation

• 1D, 2D, Stochastic, Force-Field, …

@f

@t
= r · (Ks ·rf)| {z }

di↵usion

� (V + hvdri) ·rf| {z }
convection and drift

+
1

3
(r ·V)

@f

@ lnP| {z }
adiabatic energy loss

+Q(r, P, t)| {z }
source/LIS
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Light Isotope
Separation



Isotope CR Flux
Cosmic rays as probes
• Light stable isotopes (D, 2H, 3He, …)

• CR propagation information
• Light radioactive isotopes (10Be, …)
• Secondary/Primary ratios
• Solar modulation physics

• Velocity effect on diffusion
• Drift velocities

Helium Isotope 
Ratio

Isotopes in light CR



Isotopic separation
Detector physics
• Mass resolution

• Rigidity & Velocity resolution
• Likelihood estimators

• Folded rigidity template
• Velocity resolution modelization

Mass measurement and resolution
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Deuteron separation
He

p, d, t

d

p, d

pdt
p

pd

Isotopic separation
• Grants insight on galactic mass distribution
• Requires accurate mass separation
• Enables the exploration of advanced 

statistical tools and estimators
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Typical challenges in CR detection
Analysis of massive datasets (45 million events per day)

Efficient selection frameworks
Development of regularization frameworks
Parallelization of workload

Development of advanced statistical and computational tools
Iterative-Bayesian unfolding with prior regularization
Likelihood methods
Optimization
Parametric and Non-parametric regularization

Numerical resolution of Parker Equation (Solar Modulation)
Development of numerical solvers
Stochastic Differential Equation solvers

(Time, Frequency) spectral analysis
Filtered Fourier Transform
Wavelet Transform
Cross-correlation and PCA
Hilbert-Huang Transform & Empirical Mode Decomposition



Conclusions
• Cosmic-ray physics is multidisciplinary…

• Particle Physics
• Detector physics
• Cosmic-ray transport

• Plasma physics, Diffusion, …
• Computational physics
• Advanced Statistics
• Data analysis
• Machine learning

• There is more to be done in…
• Detector studies (RICH, Tracker, ECAL, …)
• Observation of solar events on daily flux
• Time-resolved isotope fluxes
• Frequency-domain analysis
• Selection of higher charge events
• Machine learning classifiers
• Geomagnetic field as a velocity selector
• Velocity resolution model



Fernando Barão
barao@lip.pt

Miguel Orcinha
migorc@lip.pt

Our doors are always open…
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Low Energy Physics
Cosmic rays as probes
• Propagation models (around the Sun)

• Diffusion (velocity effects)
• Charge sign effects

• Parametrizations & correlation with 
solar observables

• Forbush decrease & solar events
• Decoupling solar effects from CR flux

Proton-helium ratio
in plasma or solar astrophysics, our results address a
prerequisite for modeling space weather effects, which is an
increasing concern for space missions and air travelers.

2. Methodology

The transport of CRs in heliosphere is described by the
Krymsky–Parker equation for the omnidirectional phase space
density Z ( )rt p, , expressed as function of time t, momentum
p, and position r (Potgieter 2013):

Z
Z Z

Zs
s

� � � � � � � � �
s
s

( ) · · ( · ) ( · )

( )

V v K V
t p

1
3 ln

.

1

d

The various terms represent convection with the solar wind of
speed !∣ ∣V 400 km s−1, drift motion with an average speed vd,
spatial diffusion with tensor K , and adiabatic momentum
losses. We set up a minimal 2D description, with R� ( )r r, ,
radius, and heliolatitude (Bobik et al. 2012). The parallel
component of the diffusion tensor is L� C

&K p
B B

010 GeV
3

22

0
, in

units of cm2 s−1, where we have factorized an adimensional
scaling factor, L0, of the order of unity. The perpendicular
component is !? &K K0.02 (Giacalone & Jokipii 1999). The
regular magnetic field (HMF) is modeled with the usual Parker

structure, � � (B 1AB r

r
20 0

2

2 , with R( � 8( )r V sin , where

8 � �·2.866 10 6 rad s−1 is the angular rotation of the Sun,
!B r0 0

2 3.4 nT au2 sets the field intensity at �r 10 au, and
� oA 1 sets the magnetic polarity cycle of the Sun. The

polarity is positive (negative) when the HMF points outward
(inward) in the northern hemisphere. This model accounts for
gradient and curvature drift effects. In particular, drift is
important across the wavy layer of the HCS, i.e., the surface
where polarity changes from north to south. The angular
extension of the HCS is described by the tilt angle α. The drift
velocity components vr and Rv are both proportional to Cr p

qA
2 , so

that the sign of vd depends on the product qA (Potgieter 2014).
We account for the presence of the termination shock (TS),
placed at a default distance !r 85ts au, and for its time
dependence over the solar cycle (Manuel et al. 2015; Vos &
Potgieter 2016). Beyond the TS, plasma density and B increase
by a factor �sts 3, the TS compression ratio, while V and K
decrease by s1 ts. These quantities are changed gradually,
between their pre- and post-shock values, across a TS thickness
of �L 1.2 au. For instance, the wind speed is modeled as

� �� � � �( ) ( )V r V V tans

s

s

s

r r

L

1
2 0

1
2 0

1ts

ts

ts

ts

ts (from Equation (3) in

Langner et al. 2003), with !V0 400 km s−1. A similar
procedure, based on an arctan-like function of θ, is also
applied to regularize the drift velocity near the HCS (from
Equation (22) and below in Bobik et al. 2012). The modulation
boundaries are set at the heliopause (HP) at �r 122 auhp . The
CR distribution in the heliosphere is computed using the
stochastic differential equation approach of Kappl (2016). This
method consists of the backward-in-time propagation of a large
number of pseudo-particles from Earth to the HP boundaries
(Alanko-Huotari et al. 2007; Strauss et al. 2012; Raath et al.
2016). For a given particle type, the steady-state solution of
Equation (1) ( Zs s �t 0) is obtained by sampling. The LIS

fluxes J IS are calculated within an improved model of CR
acceleration and propagation (Tomassetti 2015; Tomassetti &
Donato 2015; Feng et al. 2016). Proton and electron LISs are
well constrained by the Voyager 1 and AMS data (Cummings
et al. 2016; Aguilar et al. 2015a, 2015b). Antiproton and
positron LISs rely on secondary production calculations and are
affected by larger uncertainties (Tomassetti 2012; Feng et al.
2016). The CR number density is given by �( )N p dp
Q Zp dp4 2 . The resulting flux is � C

Q
J Nc

4
, which we express in

units of GeV−1 m−2 s−1 sr−1. Due to drift, CR particles and
antiparticles sample different parts of the heliosphere. During
negative polarity, protons and positrons ( �q 0) travel near the
HCS and drift across that plane, while electrons and antiprotons
( �q 0) propagate preferentially through the polar regions, with
faster diffusion and smaller losses. The role of positive and
negative particles interchanges with polarity. Along with qA, the
interplay of the various physics processes depends on the levels
of HCS waviness and HMF irregularities that are contained in α
and L0. Tilt-angle measurements B̂ are provided on a 10 day
basis from the Wilcox Solar Observatory using two reconstruc-
tion procedures: the “classic” model-L and the improved model-
R (Hoeksema 1995; Ferreira & Potgieter 2004).3 A smoothed
interpolation of model-R is adopted as the default. The diffusion
coefficient is also time-dependent, due to changes in the HMF
turbulence (Manuel et al. 2014). A basic diagnostic for the HMF
turbulence is the manifestation of solar sunspots (Plunian
et al. 2009, Bobik et al. 2012; Boschini et al. 2017). Here, we
adopt a simple two-coefficient relation L w � ( ˆ)a b Slog0 ,
where the Ŝ-function smoothly interpolates the monthly series
of SSNs provided by the SIDC—Royal Observatory of Belgium
(Clette & Lefèvre 2016).4

The temporal behavior of these quantities, shown in Figure 1
from 2000 to 2017, is at the basis of the time-dependent nature
of solar modulation. In practice, the problem is modeled under

Figure 1. Reconstruction of the sunspot number ( ˆ ( )S t ) and tilt angle of the
heliospheric current sheet (B̂( )t ) as a function of time.

3 See also http://wso.stanford.edu.
4 See also http://www.sidc.be.
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Parametrization of 
diffusion parameter

SSN = SSN(t)
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Solar Modulation

Earth



Alpha Magnetic Spectrometer
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To estimate the proton flux some key 
ingredients are necessary:
• Accurate particle detection
• Exposure time
• Trigger Efficiency
• Detector acceptance and efficiency

<latexit sha1_base64="wlZ/zDErHy2DgfQhfnJ2zBr31Xc="></latexit>
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Measurements are usually written as a 
function of kinetic energy or magnetic rigidity:
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Work with LIP Internship students

Other innovative methods
• Geomagnetic Cutoff Estimator

• Using earth’s magnetic field
• Building β pdf’s from slices of rigidity

• Iterative-Bayesian unfolding with prior 
regularization, using multiple detector 
measurements

• Machine learning algorithms
• BDT, MLP, …
• Classifier distribution as template
• Classification techniques
• Selection of physical variables



Backup
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stat : 0.4%
syst : 3.5% 

β: 0.71-0.74


