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Cosmic Rays

p 
(~90%)

e- (~1%)

He (~8%)

Be, C, Fe 

(~1%)

e+,p

•  Cosmic ray Flux: Intensity of CR in space per 
unit of area, solid angle, time and energy

•  Energy range up to 1020 eV
•  Intensities spanning 30 orders of magnitude

•  Most of cosmic rays are protons and nuclei
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Cosmic ray flux at Earth !

POWER LAW SPECTRUM+

“KNEE”!

“ANKLE”!

1 particle per m2 per second+

1 particle per m2 per year+

1 particle per km2 per year+
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Cosmic Ray Physics
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•  ASTROPHYSICS
•  Origin of cosmic rays
•  Acceleration of charged particles up to PeV energies (“Pevatrons”)
•  Peculiar sources (pulsars, quasars, black holes, ….)
•  Star and solar system evolution
•  Solar physics
•  ……

•  PARTICLE PHYSICS & COSMOLOGY
•  Hadronic interactions and X-sections (above LHC energies)
•  Matter/Antimatter asimmetry
•  Dark Matter searches
•  ……

CMS experiment @ LHC! Supernova SN 1006 !

COSMIC RAYS
Intimate connection
between very small 

and very high 
distances!
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Cosmic Rays and Particle Physics
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•  Origin of very high energy CRs still 
not clear
•  Many discussions about the origin 
of the “knee” and of the “ankle”
•  Chemical composition above 1 
TeV unknown
•  Clear evidence of PeVatrons in the 
Universe
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Cosmic Rays and Particle Physics
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not clear
•  Many discussions about the origin 
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SOLAR 
MODULATION

GALACTIC
ORIGIN

EXTRAGALACTIC 
ORIGIN (?)
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Physics topic example: Dark Matter
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Galaxy rotation curves
(more grav. matter than what is 
observed electromagnetically)

The “bullet” cluster
(matter that interacts only 

gravitationally)

grav. interaction only (via lensing)


e.m. with gas (via X-rays)


Universe structure 
formation

(requires Dark Matter and Dark 
Energy to represent observations)

500μKCMB  -500

Anisotropies of the residual 
microwave background

(requires Dark Matter and Dark Energy 
to represent observations)

Dark Matter Exists! 
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The quest for Dark Matter
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LHC + future colliders

Cosmic Ray Experiments
(Fermi, Pamela, AMS-02, DAMPE, Gaps,….)

Underground
nuclear recoil
experiments

(DAMA, CRESST,
Edelweiss, LUX, …)
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SNR!SNR!

SNR!SNR!

!

!

χ

χ

γ
γ

The “Standard Model” of Cosmic Rays

!

π +µ
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The quest for Dark Matter
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The most sensitive channels to indirect DM searches are the the rare components 
in cosmic rays, for which the 

signal / noise
DM origin / astrophysical origin

is more convenient

Positron fraction

Energy (GeV)
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Sc
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rin
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Production!

γχχ ,,,, +−→+ eepp

pp +←+ χχ

Increase in the positron fraction 
possible hint of DM annihilation
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The quest for Dark Matter
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The most sensitive channels to indirect DM searches are the the rare components in 
cosmic rays, for which the 

signal / noise
DM origin / astrophysical origin

is more convenient

Antiproton/proton ratio
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pp +←+ χχ

No antimatter overabundance 
observed in the antiproton channel

Strong contraints set on the DM 
mass/interactions
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The quest for Dark Matter
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40
  x
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03
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AMS

In the search for antimatter overabundances, the main issue is
KNOW YOUR BACKGROUND (expected secondary production)

! primary fluxes
! cross sections

! solar modulation (at low energies)

( B )

HALO

DISK

Efforts to measure the flux of protons, Helium, Lithium, Carbon, Boron, ….. 

Diffusion
Convection
Reacceleration

Interactions with the 
Interstellar Medium 
(ISM): 
•  Fragmentation
•  Secondaries
•  Energy loss
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Experimental detection

13


Energy (GeV)
2−10 1 210 410 610 810 1010 1210

 )
-1

 s
r s

]
2

 ( 
G

eV
 [m

Φ
  × 2 E

7−10

4−10

1−10

210

510 h2
pro ams
antip ams (ratio*pro)
diffuse gammas (sim)
electron ams
positron ams
pro atic
uhecr tibet
uhecr kaskade grande
uhecr auger

Space exp!

Balloon exp!

Ground exp!

Protons!

Electrons!
Positrons!

Antiprotons!
Photons (diffuse)!

AMS!

ATIC!

All Particles!
TIBET!

KASKADE GRANDE!

AUGER!

AMS!

AMS!

AMS!

p 
(~90%)

e- (~1%)

He (~8%)

Be, C, Fe 

(~1%)

e+,p

•  Primary cosmic rays interact with atmosphere. Only secondary CRs from 
interactions reach the ground.

•  Flux steeply falling as function of energy. Need large collection areas 
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Ground based experiments
Gamma Rays!Charged CRs!

•  √  Large collection areas ! probe CR energies TeV –Eev ranges
•  X  Indirect measurements

•  Primary CR identified via the analysis of shower shapes and composition at 
ground (highly rely on MonteCarlo simulations)

•  Main systematics are the parametrization of X-sections at very high energies
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Balloon experiments

•  √  Larger acceptances than space borne experiments
•  √  Direct measurements
•  X  Orbit limited at North poles for maximum 1 month
•  X  Residual atmosphere above the payload

ATIC

BESS
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Space Borne experiments

•  √  Direct measurements outside atmosphere
•  √  Continuous duty cicles, tipically many years of lifetime
•  √  Field of view covering the whole sky
•  X  Smaller acceptances
•  X  Operation in space and communications not trivial
•  X  “Use once and destroy”
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IMP!series!<!GeV/n!

ACE4CRIS/SIS!!Ekin!<!GeV/n!

VOYAGER4HET/CRS!<!100!MeV/n!

ULYSSES4HET!(nuclei)!!<!100!MeV/n!

ULYSSES4KET!!(electrons)!<!10!GeV!

CRRES/ONR!<!(nuclei)!600!MeV/n!

HEAO3&C2)(nuclei))<)40)GeV/n)

Long+missions+(years)+
Small+payloads+
Low+energies..+

CRRES+VOYAGER+

ULYSSES+

HEAO+ACE+
IMPJ+

Long+missions+
Large+payloads+

Short+missions+(days)/+Larger+payloads+
+
+
+
+
+
+
+
+
+
+

CRN+on+Challenger++
(3.5!days!1985)!

AMSI01+on+Discovery+
(8!days,!1998)!

PAMELA+
AMSI02+

FermiILAT+

DAMPE++ CALET+
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Mechanical stress at launch: 
" Static acceleration 
" Random vibration 
" Sinusoidal vibration 
" Pyroshock 

Life in space: 
" Thermal stresses due to Sun-light 

(seasonal / day-night effects) 
" Vacuum 

Careful Design, Model validation 
and Qualification are needed to 

ensure highest possible reliability 

Operations in Space
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Operations in Space

Thermal 
Stress 

Functional 
check 

Mechanical 
Stress  

Thermal cycles 
in Vacuum 

Functional 
check 

 Full space qualification sequence before launch: 
■   Operational tests after stress 
■   Verification of dynamical behaviour 
■   Verification of thermal model  

Functional 
check 

EMC 

Space is a harsh environment
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Operations in Space
Space is a harsh environment

Typically 3 step for test procedure: 
Thermal, Vibration, Thermo-Vacuum 
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Prototype 

Prototype 

Prototype 

EM 

QM1 

QM2 

FM, FS 
(==QM2) 

functional 

+ Vibration, 
Thermal 

+ Thermal-
Vacuum, 

EMC, Prod. 

All (min level) 

Models Testing Components 
Performance, 

Beam Test  

The long process to fly….
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Particle Identification (in space)
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•  Direct identification of the cosmic rays via measurement of their
•  Velocity (Time of Flight systems, Cherenkov Radiation detectors)
•  Charge (dE/dX detectors, Cherenkov Radiation detectors)
•  Energy or Rigidity (Calorimeters, Spectrometers)
•  Sign of the charge (Spectrometers)
•  Peculiar Interactions (TR detectors, Calorimeters, Neutron detectors, …)
•  Incoming Direction (Tracking detectors)
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•  p/antip ~ 104protons

electrons
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Particle identification is fundamental for antimatter measurements
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Spectrometers
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Magnetic Spectrometers!
•  Charged particle bent in magnetic field
•  The sagitta is measured by sampling the 

particle trajectory through different planes
•  The particle rigidity is inferred via

•  Rigidity resolution scale linearly as

Simple 2D sagitta model!

•  Maximum Detectable Rigidity MDR
�R

R
= 1 ) R(MDR) / L2B

�s

•  L ~ Spectrometer dimensions, limited by the space constraints
•  B, limited by magnet size and technology (superconducting magnet in space?)
•  σS ~ position resolution ! experimental effort to achieve resolutions below 10μm
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PosiPon!from!the!center!of!gravity!of!the!signal!

released!on!adiacent!strips!(!504200!µm)!

24


Amplitude!!!Z
2!

Single!sensor!≈!10x10cm
2
!…!or!less

!

Silicon Microstrip Detectors
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Silicon Microstrip Tracking
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Heritage!from!microvertex!detectors!developed!in!the!‘80s!

for!!HEP!experiments!at!accelerators!(L3!@!LEP!!!AMS),!

! Precisions!of!O(µm)!

! Lightweight:!thickness!of!≈!300!µm!!

! No!consumables!(e.g.!gas)!

! No!High!Voltage!(≈!70!V)!!!

! Never!operated!in!space!!
! 300!µm!thick!detectors!will!survive!the!stress!of!the!launch?!

! Assembly!precision!should!match!the!resoluPon:!do!we!really!

know!their!posiPon!?!Alignment!acer!launch?!

! Many!readout!channels:!electronics?!

QuesPons!in!1995:!
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AMS-01: First magnetic spectrometer 
with a silicon tracker in space
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Time+Of+Flight+:++measure!Pme!!!velocity,!arrival!direcPon,!dE/dX!!!Z!

Magnet:+2.2!Ton!of!Nd4Fe4B!blocks!providing!a!15kGauss!field!inside,!<!2!Gauss!outside!+
Tracker:+2m2

!of!silicon!sensors!arranged!in!6!planes!!

Aerogel+Cerenkov+threshold+counter:!discriminaPon!of!e/p!based!on!Cherenkov!emission!!

+
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Fermi (2008)  
73m2 of silicon sensors in space

27

27!

1.8+m+
1.8+m+

0.72+m+
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The Fermi sky
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More than 3000 sources identified (too crowded to discuss here…)
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AMS-02 (2011)  
9 planes of silicon sensors in space (6.4 m2)
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DAMPE (2015)  
6 planes of silicon sensors in space (7.7 m2)
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Ionization energy losses
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Space born calorimeters
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Calorimeters !

Simple electromagnetic !
shower profile !

29

D. Electromagnetic showers

As explained in the previous section, high-energy elec-
trons and photons produce in matter secondary photons
by bremsstrahlung and electron-positron pairs by pair
production. These secondaries, in turn, can produce
other particles with progressively lower energy and start
an electromagnetic shower (or cascade). The process con-
tinue until the average energy of the electron component
falls below the critical energy of the material—at which
point the rest of the energy is released via ionization.

t = 0

t = 1

t = 2

t = 3

t = 4

t = 5

-e

γ -e

+e -e

FIG. 35: Sketch of the development of an electromagnetic
shower in the simplest possible toy model.

A simple toy model for an electron-initiated shower is
schematically represented in figure 35, where after t ra-
diation lengths of material, the cascade has developed in
2t particles (a mix of electrons, positrons and photons)
with average energy E0/2t. Rough as this model is (for
one thing we neglect the stocasticity of the process al-
together, along with the 9/7 in (42) and the fact that
the electron can—and does—radiate multiple photons of
di↵erent energy per radiation length) it is able to repro-
duce one of the main features of electromagnetic showers,
namely the fact that the position of the shower maximum
scales logarithmically with the energy. In fact the stop
condition reads

E0

2tmax

⇠ E

c

, (45)

and hence

tmax ⇠ ln

✓
E0

E

c

◆
. (46)

At a slightly higher level of sophistication, the longi-
tudinal profile of an electromagnetic shower can be e↵ec-
tively described as

dE

dt

= E0b
(bt)a�1

e

�bt

�(a)
, (47)

where a and b are parameters related to the nature of the
incident particle (electron or photon) and to the charac-
teristics of the medium (b = 0.5 is a reasonable approxi-
mation in many cases of practical interest). The position
of the shower maximum occurs at

tmax =
(a� 1)

b

⇡ ln

✓
E0

E

c

◆
+ t0 (48)

where t0 = �0.5 for electrons and t0 = 0.5 for photons.
For the sake of clarity, the way one typically uses these re-
lation is to plug E0, Ec

and t0 in (48) to find a (assuming
b = 0.5) and then use (47) to describe the longitudinal
profile of the shower.

FIG. 36: Average longitudinal profile of the shower generated
by a 100 GeV electron in a homogeneous slab of BGO.

Figure 36 shows the average shower profile for 100 GeV
in BGO. With a critical energy of 10.1 MeV, the position
of the shower maximum is located, according to equa-
tion (48), at 8.7 X0.
We mention, in passing, that the transverse develop-

ment of an electromagnetic shower, mainly due to the
multiple scattering of electrons and positrons away from
the shower axis, scales with the so-called the Molière ra-
dius, that can be empirically parameterized as

R

M

⇡ 21X0

E

c

[MeV]
MeV. (49)

E. Hadronic showers

While the development of electromagnetic showers is
determined, as we have seen, by two well-understood
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by a 100 GeV electron in a homogeneous slab of BGO.

Figure 36 shows the average shower profile for 100 GeV
in BGO. With a critical energy of 10.1 MeV, the position
of the shower maximum is located, according to equa-
tion (48), at 8.7 X0.
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E. Hadronic showers

While the development of electromagnetic showers is
determined, as we have seen, by two well-understood

•  Calorimeters measures the energy releases 
of the particle

•  Homogeneous / Sampling
•  Electromagnetic / Hadronic

•  The energy 
resolution improves 
as the energy 
increases

•  BUT: energy resolution is not everything. Tipically the dominant systematic is the 
knowledge of the energy scale!!

•  Resolution ! Symmetric smearing of measured energy
•  Energy scale ! Systematic shift of measured energy

Statistical

fluctuations


Electronics


Inhomogenities,

calibration,


energy leaks,…
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Instrument Acceptance
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ACCEPTANCE: measurement of the collection capabilities of the detector14
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 S4
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12
3.
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FIG. 12: Schematic view of some of the most recent space- or balloon-borne cosmic-ray and gamma-ray detectors (all the
dimensions are meant to be in scale). Only the detector subsystems are sketched (note that the magnets for PaMeLa and AMS-
02 are not represented). For the Fermi-LAT: the anti-coincidence detector (ACD), the tracker (TKR) and the calorimeter
(CAL). For AMS-02: the transition radiation detector (TRD), the time of flight (TOF), the tracker layers, the electromagnetic
calorimeter (ECAL) and the ring imaging Cherenkov detector (RICH). For CREAM-II: the timing charge detector (TCD),
the Cherenkov detector (CD), the silicon charge detector (SCD) and the calorimeter (CAL). For PaMeLa: the time of flight
scintillators (S1–S3), the tracker (TKR), the calorimeter (CAL) and the neutron detector. For each instrument the relevant
combination of sub-detectors determining whether a given event is reconstructable (and hence the field of view) is also sketched.
Trivial as it is, we also note that the calorimeters are made of di↵erent material and therefore the relative thickness does not
necessarily reflect the depth in terms of radiation lengths (this information is included in table IV).

Among the magnetic spectrometers, BESS (see, e.g.,
[81]) is a notable example where the instruments fea-
tures a thin superconducting solenoid magnet enabling a
large geometrical acceptance with a horizontally cylindri-
cal configuration (note that in this case the particles go
through the magnet!). Several di↵erent versions of the in-
strument underwent a long and very successful campaign
of balloon flight for the measurement (and monitoring in
time) of the antiproton [82] and proton and helium spec-
tra [83].

With its unrivaled imaging granularity, the emulsion
chamber technique played a prominent role in the early
days of calorimetric experiments, as it readily allowed
to assemble large—and yet relatively simple—detectors.

In this case it is the data analysis process that is sig-
nificantly more di�cult to scale up with the available
statistics with respect to that of modern digital detec-
tors. Reference [62], e.g, contains a somewhat detailed
summary of more than 30 years of observations of high-
energy cosmic-ray electrons—in several balloon flights
from 1968 to 2001—with a detector setup consisting
of a stack of nuclear emulsion plates, X-ray films, and
lead/tungsten plates. Electromagnetic showers were de-
tected by a naked-eye scan of the X-ray films and ener-
gies were determined by counting the number of shower
tracks in each emulsion plate within a 100 µm wide cone
around the shower axis. At even higher energies, a nice
account of the emulsion chambers (e.g., JACEE [84] and
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ACCEPTANCE: measurement of the collection capabilities of the detector

A simple planar detector


Instrument Acceptance
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47 The cosmic electron and positron flux measurement 
with the AMS-02 experiment

Valerio Vagelli
September 2014

Acceptance

■ Geometrical acceptance plateau at 500 cm2sr defined by calorimeter volume

■ Very efficient particle selection does not suppress the acceptance, even at high 

energies

Acceptance 
calculated using 

Geant4 full detector 
MC simulation

ACCEPTANCE: measurement of the collection capabilities of the detector
Tipically measured with MonteCarlo simulations including the detector geometry, 

materials and interactions with the detector

Instrument Acceptance
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GATHERING POWER: measurement of the collection capabilities of the 
mission (it includes the detector lifetime)

Instrument Gathering Power

Statistical Error on Flux measurement ~ 1/√(N)
Maximize Statistics < -- > Minimize statistical uncertainties

•  Large acceptances
•  Long duration missions
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Typical quantities
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•  Cosmic ray physics is (almost) all about FLUXES

•  DIFFERENTIAL FLUX: number of CRs per unit of time and energy (*) 
crossing the unit vector area towards a given direction in the sky
•  Measured in [ GeV-1 m-2 s-1]
•  Used for point source studies (like gamma rays)

•  FLUX or INTENSITY: number of CRs per unit of time, energy (*) and 
solid angle crossing the unit vector area 
•  Measured in [ GeV-1 m-2 s-1 sr-1]
•  Used for isotropic measurements (charged cosmic rays)

(*) Fluxes can be expressed as function of different improper definition of “energy”
•  Kinetik energy (calorimeters)
•  Kinetik energy per nucleon (calorimeters)
•  Rigidity (spectrometers)
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Typical quantities
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Kinetik Energy: defined by the acceleration due to 
electrostratic fields at the sources. Measured with 
calorimeters



Kinetik Energy per Nucleon: defined by the spallation 
processes during propagation in the ISM medium. Quantity 
conserved in spallation processes. Measured with 
calorimeters (and hypothesis on the isotope composition)


Rigidity: defines the motion in magnetic fields (for example, 
during diffusion through turbolent fields or curvature in 
homogeneuos fields). Measured with spectrometers
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Typical quantities
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Beware: Fluxes are differential quantities (see units). Transformations from different unit on 
the X axis require the use of the Jacobian on the Y axis
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Precision knowledge of the detector acceptance, response and resolution, and 
of the data acquisition in space.

Each factor uncertainty contributes equally to the final measurement.
Systematic uncertainty studies for each factor are fundamental

�(E) =
N

�E �T Acc "sel "trig

The Flux Measurement

Number of cosmic rays collectedFLUX

Acceptance (m2 sr)
usually calculated using MC sims

Exposure Time (s)
also called “Livetime”

Energy/Rigidity (GeV)
size of the bin

Particle selection efficiency
based on the statistical techniques 

employed to extract N

Trigger Efficiency
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Future experiments

AMS-02 will be the unique magnetic spectrometer in space
able to distinguish matter from antimatter for the next 10 years.
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2014

Now in orbit+ Cancelled+
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The AMS-02 detector
•  Size 5 x 4 x 4 m, 7500 kg

•  Power 2500 W

•  Data Readout 300,000 channels

•  <Data Downlink> ~ 12 Mbps

•  Magnetic Field 0.14 T

•  Mission duration until the end of the 
ISS operations (currently 2024)

1 anno / 35 Tera


Col superconduttore


Col superconduttore


42
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The AMS-02 detector
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The AMS-02 detector
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The AMS-02 detector
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AMS-02 on the ISS
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AMS-02 Physics
FUNDAMENTAL PHYSICS

•  Indirect search for Dark Matter (e+, anti-p,….)
•  Search for primordial antimatter (anti-He)

COSMIC RAY COMPOSITION AND ENERGETICS
•  Precise measurement of the energy spectra of H, He, Li, B, C

to provide information on CR interactions and propagation in the galactic environment

TO ACHIEVE THIS…..

Particle identification and Energy measurement up to TeVs
•  Matter/antimatter separation using magnetic field
•  e/p separation using independent subdetectors

Maximize the data sample
•  Detector size (acceptance)

•  Exposure time: ISS in space

48
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AMS: TeV precision spectrometer
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TRD

TOF

Tr
ac
ke
r

TOF
RICH

ECAL

1 

2 

7-8 

3-4 

9 

5-6 

TRD  
Identifies e+, e- 

Silicon Tracker 
 Z, P 

ECAL  
E of e+, e- 

RICH  
 Z, E 

TOF 
 Z, E  Particles and nuclei are defined 

by their charge (Z) 
and energy (E ~ P)

 Z and P ~ E

are measured independently by the
  

Tracker, RICH, TOF  and ECAL

AMS: A TeV precision, multipurpose spectrometer 

 Magnet 
±Z 

11"
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Time of Flight System 

Measures Velocity and Charge of particles 

Velocity 
[Rigidity>20GV] 

E
ve

nt
s 

Z = 6 
σ = 48ps

5!

Time of Flight TOF
Fast scintillator planes coupled with PMTs for fast light readout


Time of flight resolutions ~ 160 ps ! dß/ß2 ~ 4% for Z=1 particles, better for higher 
charges


Fast signal used to provide the experiment trigger to charged particles


Time of Flight System 

Measures Velocity and Charge of particles 

Velocity 
[Rigidity>20GV] 

E
ve

nt
s 

Z = 6 
σ = 48ps

5!
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Time of Flight TOF
Fast scintillator planes coupled with PMTs for fast light readout


Energy deposit sampled in 4 layers ! Particle charge reconstruction using dE/dX
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Magnetic Spectrometer

Inner tracker alignment stability  
monitored with IR Lasers. 

 
The Outer Tracker is continuously aligned  

with cosmic rays in a 2 minute window  

1 

5 
6 

3 
4 

7 
8 

9 

2 

Laser!rays!

Tracker 
9 planes, 200,000 channels 

The coordinate resolution is 10 µm. 

6 

9 layers of double sided silicon microstrip detectors
192 ladders / 2598 sensors/ 200k readout channels
Measurement of the coordinate with 10µm accuracy

0.
14

 T



10 μm coordinate resolution

P-side (bending dir) 

27.5 µm pitch

104 µm readout


N-side 

104 µm pitch

208 µm readout
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Magnetic Spectrometer

X 

Y 

14 dE/dX samples in Inner Tracker
4 dE/dX samples in external planes
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Magnetic Spectrometer

The spectrometer resolution is studied using test beam particles and MC simulations
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Magnetic Spectrometer
L1!

L9!

L2-L8!

At low energies, the rigidity measurement resolution is dominated by the multiple 
scattering in the tracker material (dR/R ~ R).

At high energies, the resolution is defined by the curvature measurement (dR/R ~ R).



The maximum detectable rigidity is defined as the rigidity when the resolution is 
100% (Cannot distinguish between negative and positive curvatures)
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Magnetic Spectrometer
Charge Confusion (or Flip)


Tracker Resolution (statistical)
 Interactions with the material


The amount of charge confusion 
increases with energy, limiting the 
capabilities to correctly measure 
the fraction of antimatter in 
cosmic rays




Cosmic ray detection in space
Valerio Vagelli


Space born detectors

57


47

The reader can verify directly that the inverse matrix
reads

C

�1 =

 
3 �2

�2 3

!
.

If we measure n = (10, 10), equation (92) gives a flux
estimate of F = (10, 10)—fair enough. But if we do mea-
sure (13, 7), which is within a mild statistical fluctuation
from the previous pair, we get (25,�5), i.e. a nonsense.
In some sense the answer is right: (25,�5), folded with
our DRM, gives indeed (13, 7). But it’s an answer with
little or no physical meaning.

As it turns out, unfolding is a thoughtfully studied
problem and algorithms exist that can do a decent job
under many di↵erent conditions. If one is only interested
in fitting a spectral model to a series of data point, the
forward folding approach is typically superior.

D. Rigidity Resolution

We have worked out the basic formalism of the rigid-
ity measurement by a magnetic spectrometer in sec-
tion VIII B. In this section we shall study the problem
in some more details.

At low rigidity the track deflection is large and the
the multiple scattering is the dominant contribution to
the rigidity resolution. As both the multiple scattering
angle (40) and the bending angle (60) scale as 1/R, the
multiple scattering term in the rigidity resolution is a
constant (i.e., does not depend on R), at least as long as
� ⇡ 1:

�

MS
R

R

=
✓

plane
MS

✓B
⇠ 0.0136

p
t(1 + 0.038 ln t)

0.3 � B [T] L [m]
. (93)

At high energy, in contrast, assuming that L and B are
known with enough precision, the momentum resolution
is determined by the hit resolution �hit of the tracking
detectors:

�

hit
R

R

=
�

s

s

⇠ 8R�hit

eBL

2
=

R [GV] �hit [mm]

37.5 B [T] L2 [m2 ]
, (94)

and, as we anticipated in section VIII B, degrades linearly
with the rigidity:

�

R

R

=
�

s

s

/ R. (95)

It should be emphasized that we are deliberately over-
looking the fact that a magnetic spectrometer has typi-
cally several tracking and the information from the po-
sition sensitive detectors is combined through some sort
of pattern recognition and track fitting algorithm. There
are many more subtleties involved, such as the fact that
the hit resolution is di↵erent for di↵erent particle types
(e.g., for protons and alpha particles), but we’ll just move
on, as we’re just interested in the orders of magnitude.

We can finally sum the two contributions in quadra-
ture to get an expression for the rigidity resolution as a
function of the rigidity:

�

R

R

=
�

MS
R

R

� �

hit
R

R

. (96)

As already mentioned, the multiple scattering term dom-
inates at low energy, while the detector resolution term,
increasing linearly with R dominates at high energy.

1. The Maximum Detectable Rigidity

The maximum detectable rigidity (MDR) is formally
defined as the value of the rigidity for which the rigidity
(or momentum) resolution is 1 (i.e., 100%). As we shall
see in a second, the MDR sets the upper bound of rigidity
measurable by a given setup. Posing the right-hand side
of equation (94) equal to 1 gives an easy expression to
work with:

MDR =
37.5 B [T] L2 [m2]

�hit [mm]
. (97)

With all the caveats mentioned in the previous section, if
we plug in the relevant figures for the PaMeLa magnetic
spectrometer (B = 0.43 T, L = 0.445 m, �hit ⇡ 3 µm)
we end up with a MDR of 1.05 TV, which is close enough
to the actual value of 1.2 TV predicted by a full Monte
Carlo simulation and measured on orbit.
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FIG. 62: E↵ect of a finite rigidity resolution on a toy Monte
Carlo power-law spectrum with index 2.75, mimicking the pri-
mary cosmic-ray proton spectrum, for a maximum detectable
rigidity of 1 TV. (For completeness, the smearing used for
this illustration is gaussian in 1/R. Though the relative fluc-
tuation in R and 1/R are the same, the result would have
been somewhat di↵erent if the smear was done in the rigidity
space—we stress, however, that the point of the exercise was
not to develop a realistic model of the rigidity dispersion.)

•  Distortion of the flux measurement above 
~MDR

•  The flux can be corrected if the smearing/
migration matrix is known (tipically from 
MonteCarlo simulations)
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The e↵ect of the finite rigidity resolution on a typical
CR spectrum is illustrated with a toy Monte Carlo in
figure 62. For rigidity values above the MDR the spectral
distortions can be very noticeable. This is germane to the
discussion about the e↵ect of the energy dispersion in
section IXC3, with the noticeable di↵erence that when
approaching the MDR correcting for the redistribution
becomes quickly di�cult.

It should be also stressed that, while we presented the
MDR as an intrinsic characteristic of the detector, it is
really an event-by-event quantity. As the magnetic field
is not exactly uniform in the detector and the deflec-
tion is best measured for tracks with more hits, the qual-
ity of momentum reconstruction is in general di↵erent
for events with the same rigidity impinging in di↵erent
points of the detector and/or from di↵erent directions.
In any real science analysis this is all properly taken into
account (e.g., it is customary to select events based on
their MDR).

2. Charge confusion

The rigidity resolution worsening at high rigidity is not
the end of the story. As tracks get more and more straight
with increased rigidity, the charge confusion (namely the
fact that a track with positive curvature can be recon-
structed with negative curvature) comes into play. The
charge confusion is a combined e↵ect with contributions
from the spillover (i.e., errors in the sign determination
due to the finite hit resolution of the tracking detec-
tors) and a series of (particle-dependent) e↵ects such as
the production of delta rays and bremsstrahlung photons
from the primary particle and spurious hits from either
electronic noise or backsplash.
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FIG. 63: Illustration of the spillover e↵ect. Here the same
(true and measured) spectra in figure 62 are shown in the
⌘ space. We remind again that for this toy simulation the
smearing is gaussian in ⌘, assuming a MDR of 1 TV.

The spillover, is better studied with the change of vari-
able

⌘ =
1

R

(98)

As R tends to infinity, ⌘ tends to zero (even more impor-
tantly, keeping its sign). As shown in figure 63 the e↵ect
becomes noticeable as the particle rigidity approaches the
MDR. While this might be irrelevant for the more abun-
dant species, the spillover can be the limiting factor for
rare species (e.g., cosmic-ray protons are so much more
abundant than antiprotons that any p̄ spillover has vir-
tually no e↵ect, but the opposite is clearly not true).

3. A case study: the AMS-02 rigidity resolution

The AMS-02 magnetic spectrometer, in the permanent
magnet configuration currently operating on the ISS, in-
cludes an inner tracker (with 7 layers of double-sided
silicon-strip detectors) immersed in the magnetic field
and two additional layers (that we shall refer to as L1
and L9) aimed at increasing the lever arm (and therefore
the MDR). A sketch of the apparatus is shown in fig-
ure 12. Table IX summarizes the basic figures that enter
into modeling the rigidity resolution of the detector.

Quantity Value

Hit resolution (�hit) 10 µm

Overall tracker thickness (tTKR) 0.5 X0

Height of the inner tracker (Linner) 0.82 m

Total tracker height (LTKR) 2.95 m

Magnet height (L) 1.1 m

Magnetic field (B) 0.14 T

TABLE IX: Basic characteristics of the AMS-02 magnetic
spectrometer determining the rigidity resolution of the instru-
ment (from [77]). The total tracker thickness has been divided
by the number of layers (9) to be plugged in equation (96).

For the inner tracker, the numbers can be plugged di-
rectly into equation (96) to get a rough estimate of the
rigidity resolution as a function of rigidity. To first or-
der the bending power for the inner tracker BL

2
inner can

be scaled to the full tracker, including L1 and L9, by
multiplying for the factor

f =
LTKR

Linner
⇥

✓
L

Linner

◆2

⇡ 6.4 (99)

(Note that the extra tracker height in the region with
no magnetic field increases the lever arm for the mea-
surement of the bending but not the deflection angle,
and therefore therefore the corresponding increase in the
bending power is linear and not quadratic).
In figure 64 the prediction of our rough model are com-

pared with the full Monte Carlo simulation of the spec-
trometer, for both the inner and the full tracker. All

•  Charge flip probability increases as the energy increases
•  SPILLOVER or CHARGE CONFUSION
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The reader can verify directly that the inverse matrix
reads

C

�1 =

 
3 �2

�2 3

!
.

If we measure n = (10, 10), equation (92) gives a flux
estimate of F = (10, 10)—fair enough. But if we do mea-
sure (13, 7), which is within a mild statistical fluctuation
from the previous pair, we get (25,�5), i.e. a nonsense.
In some sense the answer is right: (25,�5), folded with
our DRM, gives indeed (13, 7). But it’s an answer with
little or no physical meaning.

As it turns out, unfolding is a thoughtfully studied
problem and algorithms exist that can do a decent job
under many di↵erent conditions. If one is only interested
in fitting a spectral model to a series of data point, the
forward folding approach is typically superior.

D. Rigidity Resolution

We have worked out the basic formalism of the rigid-
ity measurement by a magnetic spectrometer in sec-
tion VIII B. In this section we shall study the problem
in some more details.

At low rigidity the track deflection is large and the
the multiple scattering is the dominant contribution to
the rigidity resolution. As both the multiple scattering
angle (40) and the bending angle (60) scale as 1/R, the
multiple scattering term in the rigidity resolution is a
constant (i.e., does not depend on R), at least as long as
� ⇡ 1:

�

MS
R

R

=
✓

plane
MS

✓B
⇠ 0.0136

p
t(1 + 0.038 ln t)

0.3 � B [T] L [m]
. (93)

At high energy, in contrast, assuming that L and B are
known with enough precision, the momentum resolution
is determined by the hit resolution �hit of the tracking
detectors:

�

hit
R

R

=
�

s

s

⇠ 8R�hit

eBL

2
=

R [GV] �hit [mm]

37.5 B [T] L2 [m2 ]
, (94)

and, as we anticipated in section VIII B, degrades linearly
with the rigidity:

�

R

R

=
�

s

s

/ R. (95)

It should be emphasized that we are deliberately over-
looking the fact that a magnetic spectrometer has typi-
cally several tracking and the information from the po-
sition sensitive detectors is combined through some sort
of pattern recognition and track fitting algorithm. There
are many more subtleties involved, such as the fact that
the hit resolution is di↵erent for di↵erent particle types
(e.g., for protons and alpha particles), but we’ll just move
on, as we’re just interested in the orders of magnitude.

We can finally sum the two contributions in quadra-
ture to get an expression for the rigidity resolution as a
function of the rigidity:

�

R

R

=
�

MS
R

R

� �

hit
R

R

. (96)

As already mentioned, the multiple scattering term dom-
inates at low energy, while the detector resolution term,
increasing linearly with R dominates at high energy.

1. The Maximum Detectable Rigidity

The maximum detectable rigidity (MDR) is formally
defined as the value of the rigidity for which the rigidity
(or momentum) resolution is 1 (i.e., 100%). As we shall
see in a second, the MDR sets the upper bound of rigidity
measurable by a given setup. Posing the right-hand side
of equation (94) equal to 1 gives an easy expression to
work with:

MDR =
37.5 B [T] L2 [m2]

�hit [mm]
. (97)

With all the caveats mentioned in the previous section, if
we plug in the relevant figures for the PaMeLa magnetic
spectrometer (B = 0.43 T, L = 0.445 m, �hit ⇡ 3 µm)
we end up with a MDR of 1.05 TV, which is close enough
to the actual value of 1.2 TV predicted by a full Monte
Carlo simulation and measured on orbit.
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FIG. 62: E↵ect of a finite rigidity resolution on a toy Monte
Carlo power-law spectrum with index 2.75, mimicking the pri-
mary cosmic-ray proton spectrum, for a maximum detectable
rigidity of 1 TV. (For completeness, the smearing used for
this illustration is gaussian in 1/R. Though the relative fluc-
tuation in R and 1/R are the same, the result would have
been somewhat di↵erent if the smear was done in the rigidity
space—we stress, however, that the point of the exercise was
not to develop a realistic model of the rigidity dispersion.)

•  Distortion of the flux measurement above 
~MDR

•  The flux can be corrected if the smearing/
migration matrix is known (tipically from 
MonteCarlo simulations)
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The e↵ect of the finite rigidity resolution on a typical
CR spectrum is illustrated with a toy Monte Carlo in
figure 62. For rigidity values above the MDR the spectral
distortions can be very noticeable. This is germane to the
discussion about the e↵ect of the energy dispersion in
section IXC3, with the noticeable di↵erence that when
approaching the MDR correcting for the redistribution
becomes quickly di�cult.

It should be also stressed that, while we presented the
MDR as an intrinsic characteristic of the detector, it is
really an event-by-event quantity. As the magnetic field
is not exactly uniform in the detector and the deflec-
tion is best measured for tracks with more hits, the qual-
ity of momentum reconstruction is in general di↵erent
for events with the same rigidity impinging in di↵erent
points of the detector and/or from di↵erent directions.
In any real science analysis this is all properly taken into
account (e.g., it is customary to select events based on
their MDR).

2. Charge confusion

The rigidity resolution worsening at high rigidity is not
the end of the story. As tracks get more and more straight
with increased rigidity, the charge confusion (namely the
fact that a track with positive curvature can be recon-
structed with negative curvature) comes into play. The
charge confusion is a combined e↵ect with contributions
from the spillover (i.e., errors in the sign determination
due to the finite hit resolution of the tracking detec-
tors) and a series of (particle-dependent) e↵ects such as
the production of delta rays and bremsstrahlung photons
from the primary particle and spurious hits from either
electronic noise or backsplash.
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FIG. 63: Illustration of the spillover e↵ect. Here the same
(true and measured) spectra in figure 62 are shown in the
⌘ space. We remind again that for this toy simulation the
smearing is gaussian in ⌘, assuming a MDR of 1 TV.

The spillover, is better studied with the change of vari-
able

⌘ =
1

R

(98)

As R tends to infinity, ⌘ tends to zero (even more impor-
tantly, keeping its sign). As shown in figure 63 the e↵ect
becomes noticeable as the particle rigidity approaches the
MDR. While this might be irrelevant for the more abun-
dant species, the spillover can be the limiting factor for
rare species (e.g., cosmic-ray protons are so much more
abundant than antiprotons that any p̄ spillover has vir-
tually no e↵ect, but the opposite is clearly not true).

3. A case study: the AMS-02 rigidity resolution

The AMS-02 magnetic spectrometer, in the permanent
magnet configuration currently operating on the ISS, in-
cludes an inner tracker (with 7 layers of double-sided
silicon-strip detectors) immersed in the magnetic field
and two additional layers (that we shall refer to as L1
and L9) aimed at increasing the lever arm (and therefore
the MDR). A sketch of the apparatus is shown in fig-
ure 12. Table IX summarizes the basic figures that enter
into modeling the rigidity resolution of the detector.

Quantity Value

Hit resolution (�hit) 10 µm

Overall tracker thickness (tTKR) 0.5 X0

Height of the inner tracker (Linner) 0.82 m

Total tracker height (LTKR) 2.95 m

Magnet height (L) 1.1 m

Magnetic field (B) 0.14 T

TABLE IX: Basic characteristics of the AMS-02 magnetic
spectrometer determining the rigidity resolution of the instru-
ment (from [77]). The total tracker thickness has been divided
by the number of layers (9) to be plugged in equation (96).

For the inner tracker, the numbers can be plugged di-
rectly into equation (96) to get a rough estimate of the
rigidity resolution as a function of rigidity. To first or-
der the bending power for the inner tracker BL

2
inner can

be scaled to the full tracker, including L1 and L9, by
multiplying for the factor

f =
LTKR

Linner
⇥

✓
L

Linner

◆2

⇡ 6.4 (99)

(Note that the extra tracker height in the region with
no magnetic field increases the lever arm for the mea-
surement of the bending but not the deflection angle,
and therefore therefore the corresponding increase in the
bending power is linear and not quadratic).
In figure 64 the prediction of our rough model are com-

pared with the full Monte Carlo simulation of the spec-
trometer, for both the inner and the full tracker. All

•  Charge flip probability increases as the energy increases
•  SPILLOVER or CHARGE CONFUSION
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Ring Imaging Cherenkov RICH

Geometry: Cherenkov ring 
aperture used to measure the 
particle velocity


Intensity: number of UV 
photons proportional to 
particle charge




Cosmic ray detection in space
Valerio Vagelli
 60


Ring Imaging Cherenkov RICH

n = 1.05

ß>0.95


n = 1.33

ß>0.75


10,880 photosensor plane


Radiator


Mirror


Measurement of velocity with dß/ß~0.1%
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68 The cosmic electron and positron flux measurement 

with the AMS-02 experiment
Valerio Vagelli

September 2014

20 layer of radiator (fleece) and straw tubes 
for Xrays (~KeV) detection

5,248 tubes selected from 9.000, 2 m length centered to 100μm, verified by CAT scanner

TRD Transition Radiation DetectorTransition Radiation Detector TRD

20 Layers of radiator (fleece) to induce X ray radiation
Straw tubes for ~KeV xray detection (Xe/C02 gas)

PTR / � = E/m
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13 The cosmic electron and positron flux measurement 

with the AMS-02 experiment
Valerio Vagelli

September 2014

    Transition Radiation      Ionization

Signal identification
Transition Radiation Detector TRD

■ TRD energy deposit used to build 

likelihood classifier

■ TRD classifier shapes defined from data 

(using uncorrelated ECAL selection)

■ Electron response does not depend on 

energy → stable tool up to TeV energies.

Transition Radiation Detector TRD

Protons

▬ low energy

▬ high energy

Electrons

▬ low energy

▬ high energy

■ 20 layers of radiators + Xe/C02 

proportional tubes (5248 total tubes)

■ Transition Radiation emission:

      Probability ~ γ → e/p separation

Transition Radiation Detector TRD
PTR / � = E/m

•  For  same Rigidity or Energy particles
PTR (e±) � PTR (p)
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Rigidity (GV) 

Typically, 1 in 1,000 protons may 
be misidentified as a positron 

Transition Radiation Detector 

4 

ISS Data 

Normalized 
Probabilities 

TRD estimator = -ln(Pe/(Pe+Pp)) 

20 layers: fleece radiator  
and proportional tubes  

TRD classifier = -Log10(Pe)-2 

TRD likelihood  = -Log10(Pe) 

ADC counts
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TRD Single Tube Spectrum - 25 GeV
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    Transition Radiation      Ionization

Signal identification
Transition Radiation Detector TRD

■ TRD energy deposit used to build 

likelihood classifier

■ TRD classifier shapes defined from data 

(using uncorrelated ECAL selection)

■ Electron response does not depend on 

energy → stable tool up to TeV energies.

Transition Radiation Detector TRD

Protons

▬ low energy

▬ high energy

Electrons

▬ low energy

▬ high energy

■ 20 layers of radiators + Xe/C02 

proportional tubes (5248 total tubes)

■ Transition Radiation emission:

      Probability ~ γ → e/p separation
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23 AMS-02: The cosmic ray experiment on the ISS Valerio Vagelli (KIT Karlsruhe)

31.05.2011

 

Electromagnetic Calorimeter ECAL

Sampling calorimeter
Lead (58%), scintillating 

fibers (33%), optic glue (9%)

658x658x167 mm, 18 Layers
 (17 X0, 0.6 λnuc )

1296 readout cells

50000 fibers, Φ=1mm
Uniformly distributed in 600 kg of lead

1
 s

u
p

e
rl

a
ye

r

Energy and arrival direction 
measurement of electrons and photons 

up to 1 TeV

Electromagnetic Calorimeter ECAL
SAMPLING 

CALORIMETER
Lead + Scintillating fibers

66 x 66 x 17 cm3

1296 readout cells
17 X0, 0.6 λnucl

50,000 fibers, Φ=1mm
Uniformly distributed in 600 kg of lead

Energy and arrival direction 
measurement of electrons and photons up 

to 1 TeV
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Energy Measurement

Calorimeter resolution impreves at high 
energy (compare with spectrometer) !

Test Beam Electrons !
10 

20 
80 100 120 180 290 •  ECAL energy resolution ~2% 

•  ECAL energy absolute scale tested during test 
beams on ground

•  We have no line in space (as in collider exp.) to 
calibrate the energy scale in orbit!

•  MIP ionization used to cross-calibrate the 
energy scale in orbit

ECAL energy comparison with 
Tracker rigidity (E/P) used to assure 

the stability of the scale over time
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18 The cosmic electron and positron flux measurement 
with the AMS-02 experiment

Valerio Vagelli
September 2014

Energy Measurement

■ ECAL energy resolution ~2% 

■ ECAL energy absolute scale tested during test 

beams on ground

■ We have no line in space (as in collider exp.) to 

calibrate the energy scale in orbit! 

  → MIP ionization used to cross-calibrate the 
energy scale in orbit

■ Cosmic ray energy measured by

→ ECAL (em shower energy deposit)
→ Tracker (curved of track in mag. field)

■ ECAL energy comparison with Tracker 

rigidity (E/P) used to assure the stability of 
the scale over time

ECAL energy scale known at 2% level in [10.0 – 290.0] GeV 

ECAL energy resolution measured 
at Test Beams
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23 AMS-02: The cosmic ray experiment on the ISS Valerio Vagelli (KIT Karlsruhe)

31.05.2011

 

Electromagnetic Calorimeter ECAL

Sampling calorimeter
Lead (58%), scintillating 

fibers (33%), optic glue (9%)

658x658x167 mm, 18 Layers
 (17 X0, 0.6 λnuc )

1296 readout cells

50000 fibers, Φ=1mm
Uniformly distributed in 600 kg of lead

1
 s

u
p

e
rl

a
ye

r

Energy and arrival direction 
measurement of electrons and photons 

up to 1 TeV

Electromagnetic Calorimeter ECAL
e+/-
p
 p


Electrons
Electromagnetic Shower

Energy contained
EECAL ~ PTRACKER

Protons
MIP or Hadronic Shower

Irregular shower
EECAL << PTRACKER

P.
D

.F
. 

P.
D

.F
. 

Electrons!

Electrons!Protons!

Protons! Multivariate combination (BDT) of lateral 
and longitudinal shower  development!
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TRD performance on the ISS 

4!
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ECAL&Performance&on&the&ISS&
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ECAL and TRD e/p separation
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Electrons!

Protons!

TRD Classifier
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Signal Efficiency!
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Electrons!Protons!

Signal Efficiency!
Bkg. Contamination!Bkg. Rejection!

ECAL e/p rejection! TRD e/p rejection!
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AMS: TeV precision spectrometer
Full coverage of anti-matter and CR physics
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AMS: TeV precision spectrometer
Full coverage of anti-matter and CR physics
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600 GeV electron

pe–

TRD

TOF

TRK

ECAL

20x 20x

4x4x

9x9x

● e/p separation
● |Z| (dE/dX)

● Trigger
● Velocity
● Flight Direction

● Momentum
● |Z| (dE/dX)
● Charge sign

● e/p separation
● Energy
● Trigger

e+# p# p# He#He#e&#
TRD

20 
layers

TOF
4

 layers

TRK
9

 layers

RICH

ECAL
18

layers

e/p!separaPon!

charge!(|Z|)!

momentum!(p)!

sign!(±Q)!

charge!(|Z|)!

trigger!

velocity!(β)!

charge!(|Z|)!

velocity!(β)!

charge!(|Z|)!

e
±
!energy!

e/h!separaPon!

γ!trigger!

!

600 GeV electron
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AMS-02 Charge Measurement

Redundant measurements of the nuclear charge at different depths of the detector.



Precise understanding of nuclear fragmentation in the materials.



Charge Measurements of 
Light CR Nuclei
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AMS orbit

SAA 

Detector operated continuously around the clock since May 2011 with no major 
interruptions!

DAQ operations depend on orbit position

 
Increase of trigger rate in polar region (low magnetic 
field and trapped particles) and in the South Atlantic 
Anomaly


ISS orbit period ~ 90min

+/- 50 deg latitude covered
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Trigger
Each time a detector decides to save the information of a particle crossing, the 
electronics freezes the analog information on all the sensors (~300,000 for AMS), 
digitizes them and package them to send to ground. This procedure lasts O(100 
µs – 1 ms).



The flux of cosmic rays through the detector volumes is typically higher than the 
digitization capabilities. Only a fraction of the total cosmic rays crossing the 
detector volumes has to be recorded (typically, particles crossing the interesting 
detector fiducial volume and above a certain energy threshold)



The trigger is a system that decides whether the instrument should freeze the 
analog information and save the event. It is based using information from fast 
detectors and combining it in a simple AND-OR logic.



The trigger represent a very delicate system. If an interesting event is not 
triggered, it will be lost forever. Typically, the trigger selection it is a compromise 
between the maximum numberof events stored with respect to the capabilities of 
data storage and transfer and event pileup.
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Trigger

If any of these conditions is satisfied, the event is triggered


AMS uses the fast information of the TOF the trigger charged particles, the 
external anticoincidence to veto cosmic rays outside the acceptance, and the 
fast ECAL information to trigger photons (that do not leave energy in the TOF)
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Example: electron trigger

TOTAL trigger efficiency


ECAL only efficiency


ECAL&TOF efficiency
TOF only efficiency


Below 3 GeV, efficiency<100% because the calorimeter energy deposit is not 
above the threshold
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White Sands Ground 
Terminal, NM 

AMS Computers  
at MSFC, AL 

Ku-Band 
High Rate (down): 
Events <10Mbit/s> 
≈30 billion triggers 
70 TB of raw data 

AMS TDRS Satellites Astronaut at ISS AMS Laptop  

Flight Operations 
Ground Operations S-Band 

Low Rate (up & down): 
Commanding: 1 Kbit/s 
Monitoring: 30 Kbit/s 

Data transfer

AMS Payload Operations Control and 
Science Operations Centers  
(POCC, SOC) at CERN 
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AMS physics results

LEPTONS / ANTIMATTER
•  Positrons fraction e+/(e++e-)
•  Electron and Positron fluxes (e+, e-)
•  Electron plus Positron flux (e++e-)
•  Antiprotons/protons

HADRONS
•  Proton and Helium (p, He)
•  Lithium, Boron, Carbon (Li, B, C)

AMS-02 is providing precise data to search for new physics in the Cosmic Ray 
channels while improving the understanding of the astrophysical background with a 

coherent set of data

Sensitive to  
Dark Matter signal 

Probes to improve 
the astrophysical background 

knowledge 
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AMS physics results

LEPTONS / ANTIMATTER
•  Positrons fraction e+/(e++e-)
•  Electron and Positron fluxes (e+, e-)
•  Electron plus Positron flux (e++e-)
•  Antiprotons/protons

HADRONS
•  Proton and Helium fluxes (p, He)
•  Lithium, Boron, Carbon (Li, B, C)

AMS-02 is providing precise data to search for new physics in the Cosmic Ray 
channels while improving the understanding of the astrophysical background with a 

coherent set of data

Sensitive to  
Dark Matter signal 

Probes to improve 
the astrophysical background 

knowledge 
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Identification of e+/-

TRD

TOF

Tr
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ke
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TOF
RICH

ECAL

1 

2 

7-8 

3-4 
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5-6 

TRD Classifier
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ProtonsTRD
Transition Radiation

to identify e+/-

TRACKER
Momentum P

e+/-: PTRK = EECAL
Protons: PTRK >> EECAL

ECAL
Shower Topology

to separate e+/- from protons

e+/-
!

protons!

e+/-
!

protons!

P.
D

.F
. 

e+/-
!

protons!P.
D

.F
. 

P.
D

.F
. 
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The whole ECAL and TRD subdetector information is gathered in the so called
“classifier” 1-D variables, trained to reject protons.

ECAL and TRD, separated by the magnet, efficiently and independently 
discriminate the signal (e+/-) from the background (protons)

78


electrons positrons

protonsAntiprotons
Charge-flip protons

Identification of e+/-
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Reference spectra for the signal and the background are fitted to data as a function 
of the TRD classifier for different cuts on the ECAL BDT estimator

E
C

A
L 

se
le

ct
io

n 

1.   ECAL  efficiently removes the majority of background protons
2.   TRD  independently evaluates the tiny remaining protons in the selected e+/- sample

TRD Classifier template fit !

TRD Classifier
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Ev
en

ts

20

40

60

80

100

120

140 Data
Fit to data

) signal−  + e+(e
Proton background

/d.f. = 0.552χ

e
+/4!

e
+/4!

protons
!

protons
!
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Identification of (e++e-)
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Positron Fraction
Rise in the fraction of positrons (antimatter) over electrons (matter) not expected by 

the current Standard Model of CR origin and propagation

Energy (GeV)
1 10

2
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 )-
 +

 e
+

 /
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e
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0.05

0.1

0.15

0.2

0.25

0.3
AMS-02

PAMELA

Fermi-LAT

TS93

CAPRICE

AMS-01

HEAT

Unprecedented accuracy and energy range allowed a detailed study of the positron 
fraction behavior with energy

80
24 The cosmic electron and positron flux measurement 
with the AMS-02 experiment

Valerio Vagelli
September 2014

■ e-: primary particles accelerated by SRN → simple power law

■ e+: secondary produced by interaction of nucleons with the ISM → simple power law 

■ Additional production of primary e+/- by 

pulsar or DM annihilation can be 
parametrized as a power law with cutoff 
energy

■ Such models do not describe the rise in the 

positron fraction.

Secondary e+ contribution

primary e+/- common source

primary e- from SNR
secondary e+ from ISM interactions

The poor-experimentalist approach

to data analysis
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Positron Fraction

81

26 The cosmic electron and positron flux measurement 

with the AMS-02 experiment
Valerio Vagelli

September 2014

Pulsar VS Dark Matter annihilation
Additional contribution to the e+/- can be produced by 

■ PULSARS

■ Dark Matter annihilation

■ Both mechanisms can be tuned to explain the data.

■ The measurement of the spectral shape alone cannot disentangle between the two sources...... 

e+/-

e+/-

X

X

e+/-

e+/-

e+/-

e+/-

S. Kunz, EKP S. Kunz, EKP

e+/-

e+/-
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30 months!
9.3 million e- events!

30 months!
0.6 million e+ events !

e+ and e- Fluxes

e+ and e- flux are significantly different in their 
magnitude and energy dependence

The positron fraction rise is due to an excess 
of positrons, not due to a unpredicted 

decrease of electrons.

astrophysical models including the minimal model dis-
cussed in Refs. [1,2]. This will be presented in a separate
publication.
The differing behavior of the spectral indices versus

energy indicates that high-energy positrons have a
different origin from that of electrons. The underlying
mechanism of this behavior can only be ascertained
by continuing to collect data up to the TeV region
(currently, the largest uncertainties above ∼200 GeV are
the statistical errors) and by measuring the antiproton to
proton ratio to high energies. These are among the main
goals of AMS.
In conclusion, the electron flux and the positron flux

each require a description beyond a single power-law
spectrum. Both the electron flux and the positron flux
change their behavior at ∼30 GeV, but the fluxes are
significantly different in their magnitude and energy
dependence. Between 20 and 200 GeV, the positron
spectral index is significantly harder than the electron
spectral index. These precise measurements show that
the rise in the positron fraction is due to the hardening
of the positron spectrum and not to the softening of the
electron spectrum above 10 GeV. The determination

of the differing behavior of the spectral indices versus
energy is a new observation and provides important
information on the origins of cosmic-ray electrons and
positrons.
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FIG. 2 (color). Detailed AMS (a) electron and (b) positron
fluxes, multiplied by ~E3, up to 200 GeV, with earlier measure-
ments by PAMELA [9], Fermi-LAT [10], MASS [11], CAPRICE
[12], AMS-01 [13], and HEAT [14].
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FIG. 1 (color). The AMS (a) electron and (b) positron fluxes,
multiplied by ~E3. Statistical and systematic uncertainties of the
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FIG. 3 (color). The spectral indices of the electron flux γe− and
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regions indicate the 68% C.L. intervals including the correlation
between neighboring points due to the sliding energy window.

PRL 113, 121102 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending

19 SEPTEMBER 2014

121102-7

83


Positrons [0.5 – 500] GeV!Electrons [0.5 – 700] GeV!
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(e++e-) Flux
Independent measurement of the total e+/- flux without identification of the charge sign.

Higher energy reach and improved accuracy due to looser selection.
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(e++e-) Flux
Independent measurement of the total e+/- flux without identification of the charge sign.

Higher energy reach and improved accuracy due to looser selection.

(e++e-) [0.5 – 1000] GeV!
30 months!

10.6 million (e++e-) events !
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The (e++e-) flux is smooth, and can be described by a single power law starting 
from 30 GeV up to 1 TeV.

No evidence of fine structures has been observed in the (e++e-) spectrum.
!
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What’s next…..
Explore the TeV energy range
•  Overlap with ground experiments
•  Search for spectral features
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Explore the GeV range to study for Solar time dependent modulation and transient 
effects
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M. Graziani! M. Graziani!
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What is AMS observing?
Something “different” with respect to conventional models of e+ production by 

collisions of CR hadrons with the interstellar medium (ISM)
Astrophysical Sources?
•  Local sources as pulsars (e+/- only source, anisotropy..)
•  Additional acceleration mechanisms (reacceleration of CR hadrons in old SNRs)
Dark matter?
•  Isotropic distribution arrival for e+/-

•  Signatures in other channels (like antiprotons)

Positrons: χ + χ → e+ + … 
mχ=800 GeV 

Collision!of!Cosm
ic!Rays!

I.!Cholis!et!al.,!JCAP!0912!(2009)!007!!

mχ=400 GeV 

e+
 /(

e+
 +

 e
- ) 

Donato!et!al.,!PRL!102,!071301!(2009)!

Antiprotons: χ + χ → p + … 

Collision!of!Cosm
ic!Rays!

mχ= 1 TeV 

10 102 

10-1 
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The low energies !

Below 10 GV, the RICH and TRD efficiently separate antiprotons from e+/- and local 
pions produced by interactions of CRs with the detector material

43 

p&idenDficaDon&below&10&GV&
Positive Rigidity (scaled 1/500) Negative Rigidity 

Antiprotons
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•  TRD discriminates e- / anti-p
•  The negative “anti-p” sample is 

dominated by charge-flip protons

Reference spectra of charge-flip protons and genuine 
anti-p have been fit to data to estimate the 

background in the selected “negative-charge” sample



Anti-p are 104 less abundant than p. Charge sign flip is the dominating systematic



Antiprotons
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Antiprotons
p/p ratio [1 – 450] GeV!

40 months!
290,000 antiproton events!

The antiproton ratio does not decrease at high energies. Could this be a hint of 
Dark Matter annihilation?

90
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Antiprotons
The accuracy of the AMS measurement challenges the current knowledge of  

cosmic background

91


Figure 2: The combined total uncertainty on the predicted secondary p̄/p ratio, superim-

posed to the older Pamela data [48] and the new Ams-02 data.

expected to be relevant only at small energies and in any case to have a small impact.

Finally, p̄’s have to penetrate into the heliosphere, where they are subject to the phenomenon
of Solar modulation (abbreviated with ‘SMod’ when needed in the following). We describe this
process in the usual force field approximation [47], parameterized by the Fisk potential �F ,
expressed in GV. As already mentioned in the Introduction, the value taken by �F is uncertain,
as it depends on several complex parameters of the Solar activity and therefore ultimately on
the epoch of observation. In order to be conservative, we let �F vary in a wide interval roughly
centered around the value of the fixed Fisk potential for protons �p

F (analogously to what done
in [25], approach ‘B’). Namely, �F = [0.3, 1.0] GV ' �p

F ± 50%. In fig. 1, bottom right panel,
we show the computation of the ratio with the uncertainties related to the value of the Fisk
potential in the considered intervals. Notice finally that the force field approximation, even if
‘improved’ by our allowing for di↵erent Fisk potentials for protons and antiprotons, remains
indeed an e↵ective description of a complicated phenomenon. Possible departures from it could
introduce further uncertainties on the predicted p̄/p, which we are not including. However it
has been shown in the past that the approximation grasps quite well the main features of the
process, so that we are confident that our procedure is conservative enough.

Fig. 2 constitutes our summary and best determination of the astrophysical p̄/p ratio and
its combined uncertainties, compared to the new (preliminary) Ams-02 data. The crucial
observation is that the astrophysical flux, with its cumulated uncertainties, can reasonably well
explain the new datapoints. Thus, our first —and arguably most important— conclusion is
that, contrarily to the leptonic case, there is no clear antiproton excess that can be identified in
the first place, and thus, at this stage, no real need for primary sources. This also means that,

6

Giesen et al. (2015)!

Ek ⌘ D0 � vA dVC/dz �p qC �C �
[GeV] units [km/s] [km/s/kpc] [⇥103] [GV]

Min models
1 0.30 3.32 0.30 32.2 0.04 2.58 2.74 2.53 0.77
10 0.68 2.85 0.38 28.6 0.03 2.54 2.83 2.48 0.86
100 -0.16 1.17 0.75 9.31 6.78 2.38 3.40 2.17 0.57

Max models
1 0.84 0.85 0.74 0.52 5.65 2.40 3.80 2.18 0.53
10 -0.92 0.83 0.68 7.71 4.05 2.44 4.03 2.22 0.54
100 0.60 2.85 0.23 27.4 6.88 2.62 2.95 2.59 0.75

Table 3. Model parameters giving the minimum (maximum) contribution of secondary anti-protons at energy
E = 1, 10, 100 GeV.

di↵erent values for L up to 16 kpc. In order not to lose the perfect agreement with the secondary
over primary data, we increase the D0 value accordingly (see the right plot in figure 3). As shown in
figure 3, di↵erent choices for L in this range do not a↵ect our predictions for the secondary antiproton
flux.

Although in this paper we assumed a uniform value of � in the whole Galaxy, it was recently
shown that di↵use �-ray data favor a scenario characterized by radially-dependent CR transport
properties [52, 53]. In order to investigate the possible impact of that scenario on our results, we
computed the local secondary antiproton spectrum for the KRA� model considered in those paper
finding a negligible correction.

3.3 Antiproton production cross-section uncertainties

We compare here the propagation uncertainties derived in the previous sections with those associated
with the antiproton production processes.

In figure 4, we show the relative ratio between the minimum (maximum) secondary antiproton
flux and that obtained using the best-fit propagation model. The corresponding region represents the
uncertainty on the secondary flux associated with galactic propagation.

We compare this uncertainty band with the relative di↵erences associated with production cross
sections. To this end, we compute secondary antiprotons with the new prescriptions recently proposed
by [14] and we evaluate them against the traditional fitting relations given in [23, 37].

We find that nuclear uncertainties can be as large as 50% even at ⇠ 100 GeV, and are much
larger below few GeVs. However, with the available CR data, the propagation uncertainties dominate
over the entire energy range as shown in figure 4.

Upcoming measurements (in particular, from AMS-02 [1], CALET [54], and ISS-CREAM [49])
are expected to significantly improve our knowledge of propagation parameters and then to reduce
the associated uncertainties. In that situation, antiproton production cross sections will prevent us
to provide predictions for the astrophysical backgrounds as accurate as the forecasted sensitivities.

3.4 The role of charge-dependent solar modulation

As pointed out in section 2.4, charge-dependent solar modulation can be relevant when the TOA
antiproton flux is evaluated. Therefore, we compare here our predictions of the extreme fluxes based
on the force-field approximation with those obtained with a charge-dependent modulation model.

To modulate the antiproton flux in the charge-dependent scenario, we develop the following
strategy:

• For each propagation model, we consider as free parameters: 1) solar magnetic field polarity; 2)
↵ (HCS tilt angle); 3) �0 (normalization of the parallel mean free path); 4) � (power-law slope
of the heliosphere di↵usion coe�cient as function of rigidity). Solar polarity and ↵ are fixed
by the data-taking period, since they can be obtained by direct measurements [55], while we

– 8 –

Evoli, Grasso, Gaggero (2015)!
Figure 4. Comparison between the propagation and the nuclear uncertainties. Yellow band: Error on the
p̄ flux due to the uncertainty in the propagation parameters. Blue lines: The relative ratios between the p̄
flux computed using the maximal (dot-dashed), fiducial (dashed), and minimal (solid) cross section from [14]
(KW) and the same flux computed adopting the parameterization from [23, 37] (TN).

Figure 5. The envelope of the secondary antiproton spectra computed with the charge-dependent modulation
(black lines) and compared with that one obtained with the force-field approximation (yellow band).

determine �0 and � by fitting the predicted TOA proton flux against the low-energy PAMELA
measurements.

• We use the same set of parameters obtained from protons to modulate the LIS antiproton flux.

In figure 5 we show the extreme antiproton fluxes as obtained with our charge-dependent modu-
lation model. We immediately notice that the more detailed treatment of solar modulation does not

– 9 –

X-section models!

Evoli, Grasso, Gaggero (2015)!
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AMS physics results

LEPTONS / ANTIMATTER
•  Positrons fraction e+/(e++e-)
•  Electron and Positron fluxes (e+, e-)
•  Electron plus Positron flux (e++e-)
•  Antiprotons/protons

HADRONS
•  Proton and Helium fluxes (p, He)
•  Lithium, Boron, Carbon (Li, B, C)

AMS-02 is providing precise data to search for new physics in the Cosmic Ray 
channels while improving the understanding of the astrophysical background with a 

coherent set of data

Sensitive to  
Dark Matter signal 

Probes to improve 
the astrophysical background 

knowledge 
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The AMS-02 Tracker Rigidity resolution has been checked comparing Test Beam 
data and Monte Carlo Simulations to Space data.

Protons! Helium!

Coordinate resolution!

93


The redundant measurement of the e+/- 
energy with the ECAL is used to further 
control the Tracker rigidity scale

Resolution Function!
400 GeV Monte Carlo

400 GeV Test Beam


Monte Carlo

Space Data


Proton and Helium Fluxes
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Proton and Helium Fluxes
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Proton and Helium Fluxes
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Protons !

The H and He spectra harden with increasing rigidity

Helium!

Both fluxes cannot be described by single power laws (traditional assumption).
A break in the power law at R~300 GV is required to describe the data.

Δγ=0
 Δγ=0


Fit to data

Δγ=0

Χ2 / n.f. = 22/27


Fit to data

Δγ=0

Χ2 / n.f. = 25/26
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Proton and Helium Fluxes
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) [GV]R~Rigidity (
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p/
He
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8
AMS-02
Traditional Models

Theoretical	prediction
A.	E.	Vladimirov,	I.	Moskalenko,	A.	Strong,	et	al.,	
Computer	Phys.	Comm.	182	(2011)	1156

AMS	result:	this	ratio	is	not	flat.	

Protons	and	helium	are	both	“primary”	cosmic	rays.		
Traditionally,	they	are	assumed	to	be	produced	in	the	same	sources	

and,	therefore,	their	flux	ratio	should	be	flat.	

Physics	Result	9:	The	AMS	proton/helium	flux	ratio

pr
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el
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m
	fl
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	ra
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45The H/He spectrum shows an unexpected energy dependence.
This may hint to unpredicted phenomena in the primary CR propagation or acceleration
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Lithium

Lithium identification!

1.  Inner Tracker Charge selection

(H,He contamination << 0.1%)




2.  Tracker Layer 1 Charge used to 
estimate heavier nuclei fragmentation 


Analisi litio simile a quella dell’elio,

Quindi è un byproduct di quella e ha piu statistica



Il carbonio è una analisi a parte, fatta con un sacco di tagli xche premlimiare,

Quindi con meno statistica!

 Inner Tracker |Z| selection

Tracker L1 fragmentation estimation
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Lithium Flux

Rigidity [GV]
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The large size of the collected statistics and the 
charge identification capabilities of AMS allow to 
measure the Li flux with unprecedented 
precision.

Lithium!
30 months!

1.5 million Li events!

Fit to data

Δγ=0
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Light Nuclei
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Rigidity [GV]
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 Li 
unexpected
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Momentum/Charge [GV]

Summary (on nuclei)
The spectra of protons, helium and lithium do not follow the traditional
single power law.  They all change their behavior at the same energy.
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Heavier Nuclei

100


Summary (on nuclei)
Primary	and	secondary	cosmic	rays	have	

characteristically	different	rigidity	dependence.	
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Primary and secondary cosmic rays have characteristically different rigidity 
dependencies
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Heavier Nuclei

101


Current acceleration and propagation model well explain the relative rigidity 
spectra of primary cosmic rays for CNO elements and for He, but not for 

protons

C/He Ratio
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110 million events

Physics	Result	18:	The	AMS	carbon/helium	flux	ratio

Carbon	and	helium	are	both	“primary”	cosmic	rays.		
They	are	assumed	to	be	produced	in	the	same	sources	and,	

therefore,	their	flux	ratio	should	be	flat.	

AMS	result:	the	flux	ratio	is	flat. 60

The	AMS	carbon/oxygen	flux	ratio

C/O Ratio
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Oxygen	and	carbon	are	both	“primary”	cosmic	rays.		
They	are	assumed	to	be	produced	in	the	same	sources	and,	

therefore,	their	flux	ratio	should	be	flat.	

AMS	result:	the	flux	ratio	is	flat. 62

Carbon / Helium
 Carbon / Oxygen
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Heavier Nuclei

102


AMS

Primary	Cosmic	Rays	(p,	He,	C,	O,	…)

Primary	cosmic	rays	carry	information	about	their	original	spectra	and	propagation.

C,	O,	…,	Fe +	ISM	à Li,	Be,	B	+	X

AMS

Secondary	Cosmic	Rays	(Li,	Be,	B,	…)

Secondary	cosmic	rays	carry	information	about	propagation	of	primaries,
secondaries	and	the	ISM.

ISM

58
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Heavier Nuclei

103


and L3–L8. This residual background is < 3% for the
boron sample and < 0.5% for carbon.
The background from carbon, nitrogen, and oxygen

interactions on materials above L1 (thin support structures
made by carbon fiber and aluminum honeycomb) has been
estimated from simulation, using MC samples generated
according to AMS flux measurements [32]. The simulation
of nuclear interactions has been validated using data as
shown in Fig. 3 of the Supplemental Material [31]. The
background from interactions above L1 in the boron
sample is 2% at 2 GV and increases up to 8% at 2.6
TV, while for the carbon sample it is< 0.5% over the entire
rigidity range. The total correction to the B=C ratio from
background subtraction is −2% at 2 GV, −3% at 20 GV,
−7% at 200 GV, and −10% at 2 TV.
After background subtraction the sample contains

2.3 × 106 boron and 8.3 × 106 carbon nuclei.
Data analysis.—The isotropic flux ΦZ

i for nuclei of
charge Z in the ith rigidity bin ðRi; Ri þ ΔRiÞ is given by

ΦZ
i ¼ NZ

i

AZ
i ϵ

Z
i TiΔRi

; ð1Þ

where NZ
i is the number of events of charge Z corrected

for bin-to-bin migrations, AZ
i is the effective acceptance, ϵZi

is the trigger efficiency, and Ti is the collection time.
The B=C ratio in each rigidity bin is then given by

!
B
C

"

i
¼ ΦB

i

ΦC
i
¼ NB

i

NC
i

!
AB
i

AC
i

ϵBi
ϵCi

"−1
: ð2Þ

In this Letter the B=C ratio was measured in 67 bins from
1.9 GV to 2.6 TV with bin widths chosen according to the
rigidity resolution.
The bin-to-bin migration of events was corrected

using the unfolding procedure described in Ref. [4]

independently for the boron and the carbon samples.
This results in a correction on the B=C ratio of −2.4%
at 2 GV, −0.5% at 20 GV, −5% at 200 GV, and −13%
at 2 TV.
Extensive studies were made of the systematic errors.

These errors include the uncertainties in the two back-
ground estimations discussed above, in the trigger effi-
ciency, in the acceptance calculation, in the rigidity
resolution function, and in the absolute rigidity scale.
The systematic error on the B=C ratio associated with

background subtraction is dominated by the uncertainty of
∼10% in the boron sample background estimation for
interactions above L1, see, for example, Fig. 3 of the
Supplemental Material [31]. The total background sub-
traction error on the B=C ratio is < 1% over the entire
rigidity range.
The systematic error on the B=C ratio associated with the

trigger efficiency is < 0.5% over the entire rigidity range.

Rigidity [GV]
10 210 310

∆
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0.2−

0

0.2

FIG. 2. The B=C spectral index Δ as a function of rigidity.
The dashed red line shows the single power law fit result to the
B=C ratio above 65 GV; see Fig. 1.

 [GeV/n]KE
1 10 210 310

B
/C

0.02

0.03

0.04
0.05

0.1

0.2

0.3

0.4

C2/HEAO3
Webber et al.
CRN/Spacelab2
AMS01
ATIC02
CREAM-I
TRACER
PAMELA
AMS02

FIG. 3. The boron to carbon ratio as a function of kinetic energy
per nucleon EK compared with measurements since the year 1980
[12–21]. The dashed line is the B=C ratio required for the model
of Ref. [7].
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FIG. 1. The AMS boron to carbon ratio (B=C) as a function of
rigidity in the interval from 1.9 GV to 2.6 TV based on 2.3 million
boron and 8.3 million carbon nuclei. The dashed line shows
the single power law fit starting from 65 GV with index Δ ¼
−0.333% 0.014ðfitÞ % 0.005ðsystÞ.

PRL 117, 231102 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

2 DECEMBER 2016

231102-4
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Physics	Result	14:	The	Boron-to-Carbon	(B/C)	flux	ratio

11	million	nuclei

M. Aguilar et al., Phys. Rev. Lett. 117, 231101 (2016) 54

Secondary/primary ratios are sensitive to propagation mechanisms.
AMS results are in agreement with Kolmogorov turbolence model of magnetized plasma
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Future experiments

AMS-02 will be the unique magnetic spectrometer in space
able to distinguish matter from antimatter for the next 10 years.

104


2014

Now in orbit+ Cancelled+
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Conclusions

105


AMS	is	a	unique,	large	acceptance,	multipurpose	magnetic	
spectrometer	on	the	International	Space	Station.

There	is	no	other	magnetic	spectrometer	in	space	
in	the	foreseeable	decades.

The	results	from	AMS	to	date	are	unexpected	and	
contradict	traditional	understanding	of	cosmic	rays.

We	need	to	work	closely	with	the	theoretical	community	
to	develop	a	comprehensive	model	
to	explain	all	of	our	observations.

AMS	will	stay	on	ISS	for	the	lifetime	of	the	Station.		
By	then	(2024)	we	should	be	able	to	determine	the	
origin	of	many	of	these	unexpected	phenomena. 85
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NOW IN SPACE 

Dec. 17th ( 8:12), 2015 

����Wukong+
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DAMPE Science

107


Satellite for high energy cosmic ray direct detection
•  Indirect search for Dark Matter with e+/- and gamma-rays

•  Precise measurement of the cosmic ray spectrum and composition
•  High energy gamma-ray astronomy

•  Detection of 5 GeV - 10 TeV e/γ
•  Measurement of 100 GeV – 100 TeV cosmic rays
•  Excellent energy resolution and tracking precision

Follow-up mission to AMS-02 and Fermi-LAT
•  Extend the energy range above th TeV region with improved energy resolution

•  Overlap with Fermi for some time

University and INFN of Perugia
University and INFN of Lecce
University and INFN of Bari!
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The Dark Matter Particle Explorer
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The DAMPE Detector   

9	

Plas&c	Scin&llator	Detector		

Silicon-Tungsten	Tracker		

BGO	Calorimeter		

Neutron	Detector		

INFN-IHEP	mee-ng	G.	Ambrosi	

W converter + thick calorimeter (total 33 X0)        
+ precise tracking + charge measurement �  
high energy γ-ray, electron and CR telescope 

W!converter!+!thick!calorimeter!(total!33!X0)!

+!precise!tracking!+!charge!measurement!�!

high!energy!γ4ray,!electron!and!CR!telescope!
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The Dark Matter Particle Explorer
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Comparison with AMS-02 and Fermi 

DAMPE AMS-02 Fermi LAT 

e/γ Energy res.@100 GeV (%) 1.5  3 10 
e/γ Angular res.@100 GeV (°) 0.1 0.3 0.1 
e/p discrimination 105 105 - 106 103 

Calorimeter thickness (X0) 31 17 8.6 
Geometrical accep. (m2sr) 0.29 0.09 1 

• Geometrical acceptance with 
BGO alone: 0.36 m2sr 

– BGO+STK+PSD: 0.29 m2sr  

– First 10 layers of BGO (22 X0) 
+STK+PSD: 0.36 m2sr 

16 
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The Dark Matter Particle Explorer
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Dark Matter Particle Explorer Satellite 
• One of the 5 satellite missions of the Strategic Priority Research Program in 

Space Science of CAS 
– Approved for construction (phase C/D) in Dec. 2011  
– Scheduled launch date December 17, 2015 from  
     Jiuquan Satellite Launch Center in the Gobi desert 

 

• Altitude 500 km 
• Inclination 87.4065°  
• Period 90 minutes 
• Dawn/dusk (6:30 AM) 

sun-synchronous orbit 

• Satellite < 1900 kg, payload ~1340kg 
• Power consumption 640W (400 W) 
• Lifetime > 3 years 
• Launched by CZ-2D rockets  

9 
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Silicon Tracker STK

111


6 planes of Si micro-strip detector
interleaved with W converter layers.

768 sensors with 121 μm pitch / 242 μm readout

Tracker tested at CERN test beams.
Calibration/alignment using flight data ongoing
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BGO Calorimeter

112


14 layers of BGO bars
22 bars/layers, 308 total
X0=32, λ=1.6 for high e/p separationElectron Energy and Angle Reconstruction 

 (linearity and resolutions ) 

22 

Each bar readout by PMTs at both ends
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Lateral shower development
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328GeV electron�

First Space events
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12GeV 
proton 

12  GeV proton�

First Space events
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9GeV gamma-ray�

First Space events

9 GeV photon�
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First Space events

1.3 TeV carbon�
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First Space events
electron        gamma-ray     Proton�
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Science Prospects

DAMPE-EU meeting - March 2016 I. De Mitri et al. (Lecce) 12/14 

Electrons (+ positrons) 

Difficult detection of the cutoff at the highest energies 

DAMPE 3yrs Allowing fluctuations: one possible outcome (e++e-) flux measurement� DAMPE
3 years�

Search for fine 
structures 

below 1 TeV�

Sources 
acceleration 
break region�

Unprecedented 
explored region

!  Nearby pulsar?
!  Dark Matter?�
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Science Prospects

DAMPE-EU meeting - March 2016 I. De Mitri et al. (Lecce) 4/14 

protons, He, and nuclei from C to Fe 
(DAMPE 3 years , Hoerandel fluxes ) 

Precision measurement of 
hardening and spectral indexes 

Allowing fluctuations: one possible outcome 
See our talk at the october 2015 

PMO meeting for details p and He fluxes� DAMPE
3 years�

Measurement at the 
300 GeV break�

Measurement at the CR 
“knee” region�
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