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The talk is focused on:
• Charged Cosmic Rays experiments

• Experiments in space
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AMS-02:	A	TeV	Multi-Purpose	Spectrometer	
A	Physics	Report:	The	Alpha	Magnetic	Spectrometer	(AMS)	on	the	International	
Space	Station:	Part	II	-	Results	from	the	First	Seven	Years,	is	under	development.	

Courtesy	of	V.	Formato	(2019)	
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p ~ 90%
He ~ 10%

e- ~ 1%
C, O ~ 1%

e+, p- < 0.1%

Φ(E) ∝ E-γ

(γ ~ 2.7-3.1)

…measured by AMS so far…

γ=3: 1M CRs / Δt ΔA ΔΩ

γ=3: 1k CRs / Δt ΔA ΔΩ

γ=3: 1 single CR / Δt ΔA ΔΩ
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• Current and past experiments – key
concepts/detectors

• Latest AMS results

• Future/proposed 4π experiments
– HERD
– ALADInO
– AMS-100
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Current and past experiments – key
concepts/detectors
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Payload for Antimatter Matter 
Exploration and Light-nuclei 

Astrophysics
(PAMELA)

q 470 Kg
q On board Resurs-DK1 satellite
q 15 June 2006 – 7 February 2016

Alpha Magnetic Spectrometer - 01
(AMS-01)

q ~ 2 tons
q Same orbit of the ISS and of AMS-02
q 10 days of mission on board the Space 

Shuttle Discovery mission STS-91, June 
1998
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Electron/proton separation:
• e- wrt the p background
• e+ wrt to the p background
• anti-p wrt to the e- background
• γ's wrt the p background 

Techniques:
• Transition Radiation
• Shower development

topology

• Energy/Momentum (E/p) 
match

• neutrons produced in the 
hadronic shower
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One important lesson from the AMS 
experiment is the importance of the 
redundancy: use one detector to 
create control sample for another
one.
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Shower development topology: segmentation

e±Lead foil
(1mm)

Fibers
(f 1mm)

½ RM

AMS ECAL:
• Lead-SciFi sampling

calorimeter
• 18 layers (9 super-layers)
• 17 X0

X0

Superlayer

Cell

mm

mm

mm

mm
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Charge measurement:
• identify the different

nuclear species
• control the 

fragmentations (if
multiple measurements

along the detector)

Techniques:
• dE/dx
• number of photons in the 

Cherenkov radiation
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along the detector)
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• number of photons in the 
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RICH
Z, E

TOF
Z, E

TOF
RICH

TOF

β measurement:
• identify the different

isotopes (d/p, 3He/4He, 
7Li/6Li, 10Be/9Be, 27Al/26Al, 
…) 

• control the quality of the 
momemtum/energy
measurement (check on 
the mass)

Techniques:
• Time of Flight (ToF)
• Cherenkov (ring or threshold)
• Transition Radiation

(measuring γ)
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ISS Data: 6 GV
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PRL 122, 041102  
2019

�1

AMS-02 
Results

A. Kounine,  
NextGAPES-2019,  

Moscow 

PRL 122, 041102  

2019

�1

AMS-02 

Results
A. K

ounine,  

NextGAPES-2019,  

Moscow 
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Energy/momentum measurement:
• search for spectral features

Techniques:
• Spectrometry

• Calorimetry
• Transition Radiation

(measuring γ)
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Charge sign measurement:
• matter/anti-matter

Techniques:
• Spectrometry + ToF

The intensity of the magnetic
field (B), the lever arm (L) and the
spatial resolution (σx) determine the
momentum resolution (δp) and the
detector Maximum Detectable Rigidity,
MDR (δp/p=1):

MDR ∝ B L2 / σx
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PSD: double layer of 
scintillating strip 
detector acting as ACD 
(anti-counter) + charge 
measurement

STK: 6 tracking 
double layer + 3 

mm tungsten plates.
Used for particle 

track, charge 
measurement and 
photon conversion 

(~ 2 X0)

BGO: the calorimeter is made of 308 BGO 
bars in hodoscopic arrangement (~31 X0).
Performs energy measurements, hadron/lepton 
identification (e/p rejection), and trigger

NUD: it’s complementary to the 
BGO e/p rejection, by measuring 

the thermal neutron shower activity.
Made up of boron-doped plastic 

scintillator

g

CRIn orbit since 17 December 2015
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Shower development topology: segmentation

DAMPE BGO:
• homogeneous 

calorimeter
• ~ 31 X0
• 14 layers

(~ 2X0 per layer)

308 bars
616 PMTs

R5610A-01
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In orbit since 19 August 2015
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Latest AMS results
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AMS facts:

• 5 m x 4 m x 3m
• 7.5 tons

• 300k read-out 
channels

• more than 600 
microprocessors 
reduce the rate

from 7 Gb/s to 10 
Mb/s

• total power < 2.5 
kW 
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Houston, JSC – 16 May, 2011@ 07:56 AM
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2011: AMS launch - @ KSC, Florida
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Total weight:    2008 t
AMS weight:     7.5 t

16 May, 2011, 08:56 AM
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May 19, 2011: 
AMS installation 

completedStarlight

WSGT
NASA Internet

MSFC

CERN GRID
Internet

CERN GRIDInternet

A particle physics experiment on ISS

25/02/20 Matteo Duranti 29

Payload Operation
Control Center @CERN 
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Goal: to measure all the CR fluxes
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AMS-02:	A	TeV	Multi-Purpose	Spectrometer	
A	Physics	Report:	The	Alpha	Magnetic	Spectrometer	(AMS)	on	the	International	
Space	Station:	Part	II	-	Results	from	the	First	Seven	Years,	is	under	development.	

Courtesy	of	V.	Formato	(2019)	
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p ~ 90%
He ~ 10%

e- ~ 1%
C, O ~ 1%

e+, p- < 0.1%

Φ(E) ∝ E-γ

(γ ~ 2.7-3.1)

…measured by AMS so far…
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Proton Flux

AMS (1 B) 

AMS	Proton	Flux	

7	years	update	of	M.	Aguilar	et	al.,	PRL		114	(2015)	171131		

New	Data	�	Please	refer	to	
forthcoming	AMS	publication	

9	
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10	

7	years	update	of	M.	Aguilar	et	al.,	PRL	115	(2015)	211101		

AMS	Helium	Flux	

New	Data	�	Please	refer	to	
forthcoming	AMS	publication	

GALPROP

AMS (125 M)

10	
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12	

AMS	Carbon	Flux	
7	years	update	of	M.	Aguilar	et	al.,	PRL	115	(2015)	211101		

AMS (14 M)

GALPROP

New	Data	�	Please	refer	to	
forthcoming	AMS	publication	

12	
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13	

AMS	Oxygen	Flux	

AMS (12 M)

GALPROP

New	Data	�	Please	refer	to	
forthcoming	AMS	publication	

7	years	update	of	M.	Aguilar	et	al.,	PRL	115	(2015)	211101		

13	
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Cosmic	rays	primaries	are	mostly	produced	at	astrophysical	sources	(ex.	e-,	p,	He,	C,	O,	…),	
secondaries	(ex.	Li,	Be,	B,	…)	are	mostly	produced	by	the	collision	of	cosmic	rays	with	the	ISM.	

Galactic	Disk	

ISS	

G
alactic	H

alo	

primary	

secondary	

The	understanding	of	primary	and	secondary	cosmic	rays	nuclei	reveal	details	of	sources	and	
propagation	of	all	CRs	species,	specially	for	the	secondary	production	of	e+,	p,	D,	...	

	-	The	cosmic	ray	fluxes	of	their	“parents”	(p,	He)		
-	Behaviour	of	their	propagation	in	the	Milky	Way	(B/C,	Be/B,	…)	

Secondary	Cosmic	Rays	 14	
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If the hardening is related to propagation 
properties in the Galaxy then a stronger 
hardening is expected for the secondary 
with respect to the primary cosmic rays. 

If the hardening in CRs is related to the 
injected spectra at their source, then 
similar hardening is expected both for 
secondary and primary cosmic rays. 
 

C. Evoli (2019) 

Cosmic	Ray	Propagation	 15	
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Primary and Secondary Nuclei Fluxes
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M.	Aguilar	et	al.	PRL	120	(2018)	021101		
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AMS	Primary	and	Secondary	Nuclei	Fluxes	 16	

23/02/20 Matteo Duranti 37



PERUGIA
Primary and Secondary Nuclei Spectral Indices
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Lithium
Beryllium
Boron

Helium
Carbon
Oxygen

Deviate	from	single	power	law	above	200	GV.	Secondary	hardening	is	stronger	
AMS	favors	the	hypothesis	that	the	flux	hardening	is	an	universal	propagation	effect.	

M.	Aguilar	et	al.,	PRL	120	(2018)	021101	

AMS	Primary	and	Secondary	Nuclei	Spectral	Indices	 17	
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Extending	AMS	Nuclei	Fluxes	Towards	High-Z	

New	Data	�	Please	refer	to	
forthcoming	AMS	publication	

19	
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23/02/20 Matteo Duranti 40

M.	Aguilar	et	al.,	Phys.	Rev.	Lett.	121	(2018)	051103	

ΦN	=	(0.090±0.002)	×	ΦO	+	
									(0.62±0.02)	×	ΦB	

Nitrogen	2.2	M	

Abundances	at	Source:	AMS	Nitrogen	Flux	 21	
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Indirect Search of Dark Matter with CR Anti-Matter
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Collisions	of	dark	matter	particles	(ex.	neutralinos)	
may	produce	a	signal	of		e+,	p,	D,	…	that		

can	be	detected	above	the	background	from	the	
collisions	of	primary	CRs	on	interstellar	medium	

Galactic	Disk	

ISS	

Galactic	Halo	

p,	He	
Χ	+	Χ	

e+,	p,	D,	…	

Source	

e+,	p,	D,	…	

Indirect	Search	of	Dark	Matter	with	CR	Anti-Matter	 22	
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Collisions	of	Dark	Matter	particles	(ex.	neutralinos)	may	produce	a	signal	of		e+,	p,	D	…	
detected	above	the	background	from	the	collisions	of	CRs	on	interstellar	medium	(ISM)	

To	calculate	the	secondary	production	of	e+	and	p-bar	we	need	
•  The	cosmic	ray	fluxes	of	their	“parents”	(p,	He)		
•  Production	cross-section	(p	à	p	+	p	+	p	+	…)	
•  Behaviour	of	their	propagation	in	the	Milky	Way	(B/C,	Be/B,	…)	

Indirect	Search	of	Dark	Matter	with	CR	Anti-Matter	 23	
Indirect Search of Dark Matter with CR Anti-Matter



PERUGIA
Electron Flux

!"# $ = &($) )* $+ $*⁄ -* + )/ $+ $/⁄ -/

Electrons	from	collisions	

b	Power		
law	 a	 Power		

law	
Solar	&	

	low-energy	

• 	AMS	(28	M)	

AMS	Electron	Flux	
M.	Aguilar	et	al.,	PRL	122	(2019)	101101		

8	

24/02/20 Matteo Duranti 43



PERUGIA
Positron Flux

23/02/20 Matteo Duranti 44

? 

Positrons	from		
Cosmic	Ray	Collisions	

AMS	(1.9	million)		

Model	based	on	positrons	from	
cosmic	ray	collisions.	
Astrophysical	Journal	729,	106	(2011)		

AMS	Positron	Flux	
M.	Aguilar	et	al.,	PRL	122	(2019)	0411012	

24	



PERUGIA
Positron Flux

23/02/20 Matteo Duranti 45

Energy	[GeV]	

Positrons	from	
Cosmic	Ray	
Collisions	

Pulsars	
or	

Dark	Matter	

Collisions	 Pulsars	or	Dark	Matter	
!"# $ = $&

$'& ()($' $+⁄ ).)	+	(1 $' $&⁄ .1234(−$' $1⁄ )

The	cutoff	energy	Es	=	810
+310	GeV		

is	established	with	a		
confidence	of	more	than	0.9999.		

Es 

Pulsars	or	Dark	Matter	

AMS	Positron	Flux	

M.	Aguilar	et	al.,	PRL	122	(2019)	0411012	

25	



PERUGIA
Positron Flux

23/02/20 Matteo Duranti 46

Positrons		
from	Dark	Matter	

Dark	Matter	

Dark	Matter	
Electrons	

Interstellar		
Medium	

Protons,		
Helium,	…	

Supernovae	

Magnetic	field	lines	

Positrons	
from	Collisions	

Positrons	
from	Pulsars	

New	Astrophysical	Sources:	Pulsars,	…	

Origin	of	Positrons	 26	



PERUGIA
Positrons & Dark Matter

1 10 100 1000
Energy [GeV]

0

5

10

15

20

25]2
G

eV
-1

sr
-1 s

-2
 [m + e

Φ3 E~  
Data 2018

Dark matter Model
(M	=	1.2	TeV)	

				cosmic	ray	collisions	

J.	Kopp,	Phys.	Rev.	D	88	(2013)	

Positron	Excess	as	Dark	Matter	Annihilation	

AMS	(1.9	million)		

27	

24/02/20 Matteo Duranti 47



PERUGIA
Positrons from Pulsar

The Astrophysical Journal, 772:18 (8pp), 2013 July 20 Linden & Profumo

000100101
Energy [GeV]

0.01

0.1

Po
si

tr
on

 F
ra

ct
io

n

Pamela
Fermi
AMS
Monogem
Geminga
Background (Galprop)

100 1000
Energy [GeV]

10

100

E
le

ct
ro

n-
Po

si
tr

on
 F

lu
x,

 E
3  x

 d
N

/d
E

 [G
eV

2  m
-2

 s
-1

 s
r-1

]

Fermi
H.E.S.S.
Monogem
Geminga
Background (Galprop)

Figure 1. Left: the positron fraction from a combination of the Galprop model for the diffuse e± Galactic background (green dotted), along with contributions from
the Geminga (black) and Monogem (red) pulsars, compared with data from PAMELA (green circles), Fermi-LAT (orange triangles) and AMS-02 (blue squares).
Right: the flux of cosmic-ray electrons and positrons from a combination of the same Galprop model (green dotted), with contributions from the Geminga (black
dashed) and Monogem (red dashed) pulsars. These create a total cosmic-ray lepton spectrum (black and red solid respectively), which can be compared with data from
the Fermi-LAT (orange squares) and H.E.S.S. (pink diamond) observations, (right). Note that the diffuse background from Galprop was not tuned to reproduced the
H.E.S.S. data, and we do not attempt to fit those data above 1 TeV.
(A color version of this figure is available in the online journal.)

3. DETECTION OF A COSMIC-RAY
ELECTRON/POSITRON ANISOTROPY WITH ACTS

In the context of diffusive propagation, we estimate the
expected anisotropy from a source at a distance d that injected
e± at a time T (e.g., Grasso et al. 2009) with

∆ = 3
2c

d

T

(1 − δ)E/Eloss

1 − (1 − E/Eloss)1−δ

Npsr(E)
Ntot(E)

, (6)

with Npsr and Ntot the pulsar and total e± spectra. The dipolar
anisotropy ∆ is defined as

∆ = Nf − Nb

Nf + Nb

, (7)

where Nf and Nb are the total number of e± observed during
a selected ensemble of observations pointing within the sky
hemisphere centered on the pulsar (Nf ) and during a second
ensemble of observations with the same collective effective
exposure as the first ensemble, pointing within the opposite
hemisphere (Nb).

It is worth noting that this calculation of the anisotropy
from a single pulsar is overly simplistic, as it ignores several
possible complicating effects. For instance, the corresponding
anisotropy might be washed out by effects such as a local
magnetic field bubble, the pulsar’s proper motion during the
age of e± injection, or significant deviations from the simple
diffusive propagation setup employed to theoretically estimate
the anisotropy (Profumo 2012). On the other hand, anisotropies
in the charged cosmic-ray spectrum can also be induced via
diffusion in the interstellar medium, for instance by local
magnetic field anisotropies (Drury & Aharonian 2008; Giacinti
& Sigl 2012). While this may produce a spurious detection of an
electron/positron anisotropy not due to a nearby primary source,
the two effects may be in principle disentangled in the following
ways. First, any anisotropy induced by anisotropic diffusion
should affect protons and electrons similarly, leading to a strong
correlation between observed anisotropies for both species. In
the case of a nearby e+e− source, which would not produce

many protons due to the strong constraints on primary anti-
proton production, the morphology of the anisotropy would not
be seen in relativistic protons. Second, any anisotropy stemming
from particle diffusion is likely to have an anisotropy which
depends on the scale of the magnetic field inhomogeneities,
while the electron anisotropy from a nearby source will have
an energy dependent anisotropy which scales with the positron
fraction due to that source. In particular, the anisotropy should
disappear above any cutoff energy the primary positron source
would possess. Lastly, inhomogeneities in diffusion parameters
are likely to appear as hotspots (Drury & Aharonian 2008;
Giacinti & Sigl 2012) or streams (Kistler et al. 2012) in the
data, an anisotropic signature from which is distinct from the
dipole-dominated term stemming from nearby sources.

We now turn to the question of how to search for an anisotropy
in the cosmic-ray e± flux with ACTs. The most significant
uncertainty in the determination of the cosmic-ray e± spectrum
with ACTs is the efficiency of cosmic-ray proton rejection. This
is the dominant systematic error because the flux of cosmic-
ray hadrons dominates the lepton flux by several orders of
magnitude. While observations of γ -ray point sources are able to
employ the isotropy of the cosmic-ray signal in order to control
this background, measurements of the cosmic-ray e± flux must
instead determine the hadronic or electromagnetic nature of
each individual observed shower. To this end, the H.E.S.S.
collaboration has adopted a random forest approach (Breiman &
Cutler 2004; Bock et al. 2004) intended to convert information
about the observed shower into a parameter ζ which describes
the extent to which the shower is electron-like. The parameter ζ
is determined in the range of 0–1, with larger numbers indicating
a better fit to Monte Carlo models of electron showers. While
the ζ parameter is highly energy-dependent, in many situations
its discriminating power is significant enough to produce an
electron population which dominates the hadronic background
at high ζ values. We note that even for moderate values of ζ ,
the contribution from heavier nuclei is entirely negligible.

While a proper selection of ζ is important so that the cosmic-
ray e± population produces a reasonable portion of the total
cosmic-ray signal, searches for anisotropy are significantly less

4

T.	Linden	et	al.,	Astrop.	J.	772	(2013)	

Positron	Excess	from	Pulsar	

Pulsars	spinning	produce	EM	radiation	and	
cosmic	rays	(pair	production).	
To	distinguish	from	DM	models:		
à  spectral	features	of	e+	and	of	(e+	+	e-)		
à  anisotropy	of	e+	and	of	(e+	+	e-)		
à  no	anti-proton	production	

6

Fermi-LAT data (orange triangles) and those recently reported by
AMS (cyan), as well as the predicted limits from 5 and 10 years of
Fermi-LAT observations (orange solid and orange dashed), along
with the predicted limits from 3000 and 5000 hr of H.E.S.S. ob-
servations (maroon solid and maroon dashed), as well as predicted
limits from 1000 and 3000 hours of CTA observations (blue solid
and blue dashed). These limits are compared with the predicted
fluxes for models of the Geminga (black solid) and Monogem (red
solid) pulsars which correctly explain the positron excess observed
by AMS-02. We note that limits from the Fermi-LAT are techni-
cally set based on a minimum energy E, rather than a traditional
E dN/dE, a di erence which is less important given the steeply
falling e± flux.

Fig 2a.), assuming an average zenith angle of 45⇤, and we
take the H.E.S.S. field of view to cover 3.8 10�3 sr. We
additionally consider a future global observation time of
5000h, including new data taken by the H.E.S.S.-II tele-
scope.
We note that this combination provides an e⇥ective ex-

posure at 340 GeV which exceeds that reported by Aha-
ronian et al. (2009) by approximately a factor of 8, pre-
sumably due to additional cuts regarding the nature of
the electron shower and the removal of �-ray point source
contamination. We note that this mismatch is slightly
worse when comparing the 1 TeV calculation with that
of (Aharonian et al. 2008), as additional cuts are made
in this study. In what follows we degrade our calculated
e⇥ective exposure by an ad hoc factor of 5. We note that
this may be overly conservative, as cuts optimized for
this study could allow for a much larger e⇥ective area,
since this analysis is by its nature less susceptible to sys-
tematic errors regarding proton contamination.
In order to calculate the e⇥ect of the ⇥ parameter on

the separation of electrons and protons, we make a cut
of ⇥ > 0.9, and use the values given by (Aharonian et al.
2008) and Aharonian et al. (2009) to calculate the loss of
e⇥ective area after this cut is applied at energies of 1 TeV
and 340 GeV respectively, which correspond to the low
end of the energy range employed in each analysis. Thus,
we assume a relative electron acceptance of 0.38 at en-
ergies below 340 GeV and 0.77 at energies above 1 TeV,
linearly interpolating between these values at intermedi-
ate energies. Finally, using the observed proton back-
ground at ⇥ > 0.9 for each observation, we assume an
irreducible proton background which is 1.73 (0.95) times

larger than the total e± flux at energies of 340 GeV (1
TeV), and again linearly interpolate between these val-
ues.
In order to compare our results with the projected lim-

its from five years and ten years of Fermi-LAT data, we
take the limits from one year of data obtained by Ack-
ermann et al. (2010b) and calculate a best fit power law
to the 95% upper limits of � < 0.30 (E / 1 TeV)1.39

and then reduce the limits by the square-root of the
additional exposure time, in order to extrapolate opti-
mistic results where the exclusion limits are dominated
by statistics only. We note that this result may slightly
improve, in light of new data-taking algorithms such as
Pass-8, which are likely to increase the e⇥ective area to
electron showers (Atwood et al. 2013). We addition-
ally compare our result with the 95% confidence limit
of � < 0.036 measured by AMS-02, though we note that
no energy scaling was provided with this value.
In addition to these H.E.S.S. and Fermi-LAT ob-

servations, we predict observations from the upcoming
Cherenkov Telescope Array (CTA). While the parame-
ters of CTA are unknown, for the purposes of repeata-
bility we assume the following educated guesses for the
relevant parameters. We take the e⇥ective area to be
an order of magnitude greater than the H.E.S.S. tele-
scope, and the field of view to be a factor of (3/2)2 larger,
corresponding to the models suggested in CTA Consor-
tium (2011). Additionally, we note that the multiple
telescopes of CTA greatly enhance its hadronic rejection
capabilities, thus we add an ad hoc factor of two decrease
in the relative hadronic flux for CTA observations. All
other parameters (including the ⇥ cut and the factor of
5 degradation in the e⇥ective exposure seen in H.E.S.S.
observations) are left the same.
In Figure 2 we show the current limits given by 1 year

of Fermi-LAT data, the recently released AMS-02 lim-
its on the e± anisotropy, as well as the projected lim-
its from 3000h and 5000h of H.E.S.S. observations and
from 1000h and 3000h of CTA observations, compared
to the projected anisotropies of the Geminga and Mono-
gem pulsars with the same setup as described in Section
2 and shown in Fig. 1. Note that the observation times
are meant here as total duration of the two ensembles
of observations in the hemispheres towards and opposite
the direction of the pulsar of interest. For example, for
3000 hr, in the notation introduced in the previous sec-
tion, the global duration of the ensemble of observations
yielding Nf,b is 1500 hr each. For all models we assume a
total e± flux given by the best fitting power-law given by
Aharonian et al. (2009). We find that current H.E.S.S.
archival observations have the potential of observing the
anisotropy induced by Monogem, while CTA observa-
tions will be necessary in order to observe any anisotropy
from Geminga. The predicted level of anisotropy from ei-
ther pulsar under consideration here is fully compatible
with the limits from Fermi-LKAT and from AMS-02.

5. THE DIFFUSE GAMMA-RAY BACKGROUND

A serious concern in the identification of the e±

anisotropy stems from the misidentification of the �-ray
background. Unlike hadronic showers, �-ray and electron
showers are nearly identical in nature, with the only ob-
servable di⇥erence pertaining to a slightly di⇥erent value
of the reconstructed shower maximum (Xmax). How-

pulsar and up-scattering the cosmic microwave
background (CMB) photons. Geminga was pre-
viously detected at tera–electron volt energies by
theMilagro observatory, with a flux and angular
extent consistentwith theHAWCobservation but
with lower statistical significance (13). Here we
show that the HAWC observation of the spectral
and spatial properties of these sources can be used
to constrain their contribution to the positron flux
at Earth (Fig. 1B).
A diffusion model of the spatial and spectral

morphology (12) is fit to the gamma-ray fluxN as

a function of angle q from the source and gamma-
ray energy E as

d2N
dEdW

¼ N0
E

20TeV

! ""a

# 1:22
p3=2qdðEÞ½q þ 0:06qdðEÞ(

e½"q2=qdðEÞ2 ( ð1Þ

using amaximum likelihood technique.N0 is the
flux normalization at 20 TeV, and W denotes a
solid angle. The diffusion angle qd is proportional
to the square root of the diffusion coefficient D,

and both varywith energy. Themodel values from
the fit are given in Table 1. The spectral indices a
and observed fluxes are similar to those of other
tera–electron volt PWNe (14), but the luminos-
ities are lower, primarily because of their nearby
distance and larger apparent size. The energy
range is estimated by increasing (decreasing) the
minimum (maximum) energy of an abrupt cutoff
in the power law spectrum until the significance
of the fit decreases by 1s.
Assuming that all theobservedgamma-ray emis-

sion at tera–electron volt energies is produced
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Earth

PSR B0656+14

Geminga

Fig. 1. Spatial morphology of Geminga and PSR B0656+14. (A) HAWC
significance map (between 1 and 50 TeV) for the region around Geminga
and PSR B0656+14, convolved with the HAWC point spread function and
with contours of 5s, 7s, and 10s for a fit to the diffusion model. R.A., right
ascension; dec., declination. (B) Schematic illustration of the observed

region and Earth, shown projected onto the Galactic plane. The colored
circles correspond to the diffusion distance of leptons with three different
energies from Geminga; for clarity, only the highest energy (blue) is shown
for PSR B0656+14. The balance between diffusion rate and cooling effects
means that tera–electron volt particles diffuse the farthest (fig. S1).

Table 1. Pulsar parameters, values of parameters from the model fitting to the observed extended gamma-ray emission, and assumed parameters
of our model. Pulsar parameters are from (15).

Geminga PSR B0656+14

Pulsar parameters
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ..

(Right ascension, declination) (J2000 source location) (degrees) (98.48, 17.77) (104.95, 14.24)
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ..

tc (characteristic age) (years) 342,000 110,000
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ..

T (spin period) (seconds) 0.237 0.385
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ..

d (distance) (parsecs) 250þ 120
"62 288þ 33

"27.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ..

dE/dt (energy loss rate due to pulsar’s spin slowing) (×1034 ergs per second) 3.26 3.8
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ..

Model values
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ..

q0 (qd for 20-TeV gamma ray) (degrees) 5.5 ± 0.7 4.8 ± 0.6
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ..

N0 (×10−15 photons per tera–electron volt
per square centimeter per second)

13:6þ 2:0
"1:7 5:6þ 2:5

"1:7
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ..

a 2.34 ± 0.07 2.14 ± 0.23
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ..

D100 (diffusion coefficient of 100-TeV electrons from joint fit of two PWNe) (×1027 square centimeters per second) 4.5 ± 1.2 4.5 ± 1.2
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ..

D100 (diffusion coefficient of 100-TeV electrons from individual fit of PWN) (×1027 square centimeters per second) 3:2þ 1:4
"1:0 15þ 49

"9.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ..

Energy range (tera–electron volt) 8 to 40 8 to 40
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ..

Luminosity in gamma rays over this energy range (×1031 ergs per second) 11 × (d/250 pc)2 4.5 × (d/288 pc)2
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ..

Assumed parameters
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ..

L0 (initial spin-down power) (×1036 ergs per second) 27.8 4.0
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ..

We (total energy released since pulsar’s birth) (×1048 ergs) 11.0 1.5
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ..

RESEARCH | REPORTS

EMBARGOED UNTIL 2PM U.S. EASTERN TIME ON THE THURSDAY BEFORE THIS DATE:

e–	+	e+		e+		

e–	+	e+	anysotropy		

28	

23/02/20 Matteo Duranti 48



PERUGIA
Anti-Proton / Proton Ratio

24/02/20 Matteo Duranti 49

Secondary	Antiprotons	from	Cosmic	Ray	Collision	

tuned	with	AMS	B/C	data		

A.	Reinert	and	M.	Winkler	JCAP	055	(2018)		

7	years	update	of	M.	Aguilar	et	al.,	PRL	117	(2016)	0911003	

New	Data	�	Please	refer	to	
forthcoming	AMS	publication	

AMS	Anti-Proton	Flux	 30	
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The	Anti-Proton/Anti-Deuteron	Connection	

A.	Cuoco	et	al.,	Phys.	Rev.	Lett.	118	(2017)	

Several	authors	reported	an	allowed	anti-proton	excess	at	low	energy,		
with	different	significances,	at	10	GV	that	can	be	explained	a	dark	matter	signal.	

	This	signal	can	give	a	detectable	anti-deuteron	signal.		

CuKrKo	

M.	Korsmeier	et	al.,	Phys.	Rev.	D	97	(2018)	
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AMS 

Currently,	AMS	observed	8	anti-helium	candidates		
(mass	region	from	0-10	GeV/c2)	with	rigidity	<50	GV	with		
respect	to	a	sample	of	700	million	helium	events	selected.	

 

The rate in AMS of antihelium candidates is less than 1 in 100 million helium.  

  
At this extremely low rate, more data (through the lifetime of the ISS)  

is required to further check the origin of these events. 

Anti-Helium	Search	Status	
35	
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Future/proposed 4π experiments
– HERD

– ALADInO
– AMS-100
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DAMPE Field of View ~ 1 sr
à Acc ~ 0.3 m2 sr

AMS Inner ~ 0.5 m2 sr
AMS Full Span ~ 0.05 m2 sr

All the current and past detectors are 
designed as 'telescopes': they're sensitive 
only to  particles impinging from "the top"

limited FoV à small acceptance



PERUGIA
New paradigma - CaloCube

23/02/20 Matteo Duranti 55

• Exploit the CR "isotropy" to maximize the 
effective geometrical factor, by using all 
the surface of the detector (aiming to 
reach Ω = 4π) 

• The calorimeter should be highly 
isotropic and homogeneous:
– the needed depth of the calorimeter 

must be guaranteed for all the sides 
(i.e. cube, sphere, …)

– the segmentation of the calorimeter
should be isotropic

à this is in general doable just 
with an homogeneous calorimeter

CR

CR

CR

CR

CaloCube is an INFN R&D initiated in Florence (Adriani et al.), almost always inspiring the 
next generation of large space cosmic rays detectors
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4π experiments

• HERD on the Chinese Space Station (CSS)

• ALADInO (in L2)

• AMS-100 (in L2)
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High Energy Radiation Detector



PERUGIA
HERD detector

23/02/20 Matteo Duranti 58

PSD, 6 sides
γ identification
Charge
Tracker, 5 sides
Charge
CR trajectory
γ conversion & tracking

TRD
TeV CR calibration

CALO: 3-D
Energy
e/p separation

~7500 LYSO crystals (55 X0, 3 λI)
Trigger sub-system
Dual readout with IsCMOS & 
PD/SiPM

@Guangxi Univ.

@IHEP

@INFN Florence@XIOPM

Silicon Track
@INFN Perugia

Fiber Tracker
@Univ. of Geneva

PS + SiPM
@INFN Bari & IHEP

~ 300k readout
channels



PERUGIA
HERD performances

27/02/20 Matteo Duranti 59

Item Value

Energy range (e/γ) 10 GeV - 100 TeV (e); 0.5 GeV-100 TeV (γ)

Energy range (nuclei) 30 GeV - 3 PeV

Angle resolution 0.1 deg.@10 GeV

Charge resolution 0.1-0.15 c.u

Energy resolution (e) 1-1.5%@200 GeV

Energy resolution (p) 20-30%@100 GeV - PeV

e/p separation ~10-6

G.F. (e) >3 m2sr@200 GeV

G.F. (p) >2 m2sr@100 TeV
Field of View ~ 6 sr
Envelope (L*W*H) ~ 2300*2300*2000 mm3

Weight ~ 4000 kg
Power Consumption ~ 1400 W
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Proton He

B/C Fe

e++e-

ORIGIN OF COSMIC RAY 17

of supernova explosions or neutron star mergers. The heavy nuclei in CRs are thus very
good tracer of the acceleration sites of CRs. The current measurements of CR Iron nuclei
are very limited, and the measurements of even heavier elements are typically lack. HERD
is expected to significantly improve such measurements, as shown in Fig. 2.14.
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Figure 2.14 Expectation of measurement of the Iron spectrum with 5-yr exposure of HERD,
compared with earlier measurements of HEAO-3 [49], ATIC-2 [22], and CREAM [54].

Identifying potential acceleration of primary Lithium. Lithium in CRs is widely
believed to be secondary production of C and O when they propagation in the Galaxy.
However, it was expected that there might be primary acceleration sources of Lithium, such
as Type Ia supernova [55]. Thousands of times of nova explosions before the supernova
generate Li-rich ejecta [56], which provides a natural acceleration site of primary Li. The
current AMS-02 data suffer from large uncertainties at high energies, and can not crucially
test the difference between the spectra of Li and that of Be and B. The measurement of
Li, Be, and B spectra by HERD can extend to much higher energies (see Fig. 2.15 for an
illustration of the Li spectrum).
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Figure 2.15 Expectation of measurement of the Lithium spectrum with 5-yr exposure of HERD,
compared with measurements of AMS-02 [48].
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• The HERD consortium includes 130+ scientists from China, Italy, Switzerland, 
Spain, Germany, Denmark, Sweden, Russia, ... (new collaborators are 
welcome!)
– most of the members have been collaborating on previous high energy 

experiments, both on hardware development and data analysis
• 7 HERD international workshops have been organized in China and Europe 

since 2012. Last one in China in December 2019. 
• 3 CERN beam tests on HERD prototypes have been successfully implemented 

by Chinese and European colleagues.
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• Mission concept
– Launched with the China-Italy Module and installed on the Module. 
– Periodic calibration is performed every 3-6 months.
– Several devices are replaced or upgraded every 3-4 years.
– Telemetry is achieved with the help of relay satellites.

• The HERD proposal was reviewed positively in May 2018 at ASI.
• HERD is written into the joint declaration between China & Italy during the 

visit of President XI Jinping in March 2019.

China-Italy Module

Service ModuleChinese Space Station (CSS)
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High Precision Particle Astrophysics as a 
New Window on the Universe 

with an Antimatter Large Acceptance Detector In Orbit  
(ALADInO)  

 
 

 
 
 

 

A White Paper submitted in response to ESA’s Call for  
the VOYAGE 2050 long-term plan  

 
 
 
 

 
 
 
 
 

Contact Person: Roberto Battiston 
Address: Dipartimento di Fisica, Via Sommarive 14, 38123 Trento  
E-mail: roberto.battiston@unitn.it  
Telephone: +39 366 687 2527 

https://www.cosmos.esa.int/web/voyage-2050/white-papers
https://www.cosmos.esa.int/documents/1866264/3219248/BattistonR_ALADINO_PROPOSAL_20190805_v1.pdf
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https://www.cosmos.esa.int/documents/1866264/3219248/BattistonR_ALADINO_PROPOSAL_20190805_v1.pdf


PERUGIA
ALADInO calorimeter

Length: 9
5 cmDiameter: 94 cm

X

Z Y Z

X

Weight~(2300+300) kg
N. crystals: ~20.000

3 cm

3 cm
LYSO

Basic crystal: 
hexagonal base 

prisma
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ALADInO magnet

Y"
Z"

47
cm
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300"cm"
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0"
cm

"

95cm"

Tof"+"trigger"

tracker"

calorimeter"+"trigger""zone"for"
mechanical"structures"
and"services"

!"B"

zone"for"
mechanical"structures"
and"services"

cylinder"
axis"

Benefit from the R&D of high temperature
superconducting magnets (MgB2, YBCO and in particular 
REBCO) for space applications (T  ≈ 15÷40°K)

Field 0.8 T
Bending power > 1.1 T m
Weight ~ 1000 Kg
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bending power over a large acceptance, while also maintaining a theoretical null magnetic 
momentum;  

- a tracking system, composed of silicon detector layers, to provide a measurement of the particle 
trajectory into the magnet field. Each of the detector layers is divided in ladders and arranged 
cylindrically around the calorimeter; 

A proposed overall arrangement of the magnet coils and of the tracking system can be seen in Figure 8. 

 Magnet 
 Superconducting magnets (SM) allows for high momentum resolution at the TV scale and over large 
detection surfaces. The main requirements of SMs for space applications are: (i) low mass budget, i.e. high 
stored energy to mass ratio; (ii) low power consumption, i.e. efficient cryogenics; (iii) very high stability. 
The first requirement is obtained by using low density materials and high current density.  
Stability and helium cryogenics have been the major problems which have hindered the use of SM 
technology in space, so far. Stability is the capability of a SM to sustain a sudden energy release without 
quenching. It is a sensitive issue in designing SMs operating at liquid helium temperature: the problem 
became less important increasing the operational temperature, due to the cubic temperature dependence of 
superconductor specific heat. 

During the last decades, technological advances have made it possible to envisage solutions for 
space magnets based on high-temperature superconductors (HTS). HTS magnets are operable at 
temperatures up to 40 K with the double benefit of solving the problems related to stability and avoiding 
cryogenics based on liquid He . Among HTS, ReBCO (Rare Earths-Barium Cuprates) tapes are particularly 
promising for space applications. At present, commercial ReBCO can be operated at 400 A/mm2 at 30 K in 
a 3 T field. Recent developments indicate that the current density can be pushed to 2000 A/mm2 in the next 
years [Majkic 2018]. The use of magnesium diboride wires, despite its poorer current properties, is also a 
possible option, due to the low average mass density [Musenich 2016, Kovác 2018]. 
Quench protection techniques is quickly rapidly evolving towards fast and safe procedures guaranteeing 
magnet integrity even in critical conditions [Zhang 2018]. 

 

 
The proposed magnet design for ALADInO is based on the SR2S design [Musenich 2014, Bruce 2015, 
Juster 2015]: a toroidal configuration guarantees a large geometric acceptance, confining the field within 
the coils and minimizing the dipole moment. Low density structural materials (Aluminum and Titanium 
alloys, Al-B4C and Al-Al2O3 cermets, aramid fibers) will be used to counter the Lorentz forces. It is worth 
noting that one of the components of ReBCO tapes is hastelloy, therefore the conductor will contribute to 
the magnet mechanical structure.  
Bending power: the coil number and shape (round, racetrack, D-shaped) will be optimized to maximize the 
detector performance. Figure 9 shows a possible magnet configuration having 4.3 m overall diameter 
dimension with a 1 m inner bore to host the calorimeter. 
With 4.4 MA-turns, the average field on the tracker is 0.8 T providing a 1.1 T·m bending power. The mass 
of the magnet, with the present technology and including the mechanical structure, is 1200 kg. We estimate 
that the superconductor technology evolution and a targeted R&D will allow a mass reduction to less than 
900 kg. 

Figure 9. Scheme of a possible magnet configuration with its field map 
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The	best	place	to	operate	a	cryogenic	superconducting	magnet	  
is	Lagrange	Point	2,	like	the	Webb	space	telescope.

AMS-100

�6

, ALADiNO

The best place where to operate a 
cryogenic superconducting magnet is the 

Lagrange Point 2, like the Webb space 
telescope

Main mirror

Sun-shield
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The	best	place	to	operate	a	cryogenic	superconducting	magnet	  
is	Lagrange	Point	2,	like	the	Webb	space	telescope.
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cryogenic superconducting magnet is the 
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and ground based instruments (gravitational wave observatories, ground-based and space-based, from keV-
to TeV, gamma-ray telescopes). 

 

 
 ALADInO is based on two innovative techniques:  

- the use of a superconducting magnet based on a High Temperature lightweight superconductor 
material. This design allows to reach an intense magnetic field over the large volume of the 
spectrometer. Tanks with the excellent spatial resolution of silicon strip detectors/pixel detector the 
maximum detectable rigidity of the spectrometer will exceed 20 TV;  

- the use of a cylindrical calorimeter made of a 3D mesh of small hexagonal prism-shaped scintillating 
LYSO crystals. It ensures a nearly isotropic response to particles entering from different directions 
maximizing the detector acceptance. The highly segmented design together with the depth of ~60 
X0 allows a good energy resolution, also for hadronic particles, and the required particle 
identification capability, independent on the particle incoming direction. 

 
 The ToF and silicon tracker detectors are based on the successful design used in AMS [Alvisi 1999, Alcaraz 
2008] and PAMELA experiment [Osteria 2004, Straulino 2006]. 

The main characteristics of the ALADINO experiment are summarized in Error! Reference source not 
found.. A short description of the different subsystems is presented in the following sections.  

 
Calorimeter acceptance ~ 9 m2 sr 
Spectrometer acceptance >10 m2 sr (~ 3 m2 sr w/i CALO) 
Spectrometer Maximum Detectable Rigidity (MDR) > 20 TV 
Calorimeter depth 61 X0, 3.5 λI  
Calorimeter energy resolution 25% ÷ 35% (for nuclei) 

2% (for electrons and positrons) 
Calorimeter e/p rejection power > 105 
Time of Flight measurement resolution ~100 ps 
High energy γ-ray acceptance (Calorimeter) ~ 9 m2 sr 
Low energy γ-ray acceptance (Tracker) ~ 0.5 m2 sr 
γ-ray Point Spread Function < 0.5 deg 

Table 1: Key performance parameters of the ALADINO apparatus 

 Spectrometer 
As previously stated, the physics requirements for the ALADInO spectrometer mandate an average MDR 

greater than 20 TV over a large acceptance. A possible design capable of accommodating such targets must 
rely on:  

- a high-intensity magnetic field generated by a superconducting magnet system surrounding the 
calorimeter. By choosing a toroidal field configuration it is possible to achieve the required 

Figure 8 Left: silicon ladder orientation devised for ALADInO. Right: overall assembly of the hexagonal-prism-shape 
crystals and design of two adjacent strings of crystals – crystals are staggered by half-length to avoid dead space. 
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4 Measurement concept 
A possible ALADInO detector configuration matching the measurements requirements discussed in the 

previous chapter is briefly presented here. The detector is equipped with a magnetic spectrometer for reliable 
identification of the sign of the charge of cosmic rays up to a given Maximum Detectable Rigidity (MDR), 
an imaging, high resolution 3D calorimeter for precise measurement of the e+/- and hadronic spectral features, 
and a Time of Flight for accurate velocity measurements.  

The detector concept exploits the isotropy of the cosmic-ray flux, maximizing the collection power within 
a classical toroidal magnetic configuration: particle detection and identification is based on well-established 
and reliable space qualified technologies.  

The basic ALADInO payload is based on three key elements:  
1. A High Temperature Superconducting (HTS) magnetic spectrometer (SMS) to measure the 

particle rigidity, charge magnitude and sign, with a maximum detectable rigidity exceeding 20 TV 
and an acceptance >10 m2 sr (~3 m2 sr in combination with the calorimeter);  

2. a Time of Flight (ToF) system to measure the particle velocity and charge magnitude;  
3. a large acceptance (~9 m2 sr) 3D imaging calorimeter (CALO) to measure particle energy and 

separate the rare electromagnetic component (e±�γ) from the overwhelming hadronic component 

of cosmic rays. 
The ToF and the CALO also provide signals to trigger the start of data acquisition on minimum ionizing 
and showering particles respectively. 

 
A possible design of the ALADInO detector that maximizes the acceptance while keeping the overall 

payload size compact is presented in Figure 7. The detector has a cylindrical shape with a diameter of 440 
cm and 200 cm in length, designed to fit within the fairing volume of an Ariane 6 class launcher. This design 
fully exploits the CR isotropy: particles are collected over a wide solid angle on the lateral surface of the 
cylinder. The axial symmetric configuration of the detectors guarantees a uniform response of detectors 
independent on the particle arrival direction. 

It should be noted that ALADInO could also detect gamma rays in the GeV – TeV energy range: this 
capability would allow a variety of studies in high energy astrophysics and fundamental physics, including 
indirect dark matter searches. Thanks to its large acceptance and to the all-sky coverage, ALADInO can 
monitor high-energy gamma ray sources and detect transient events as well. These observations would fit 
in the framework of a multi-messenger and multi-wavelength strategy of the next generation of space born  

Figure 7 Left: rendering of the ALADInO detector. The core of the apparatus is a cylindrical calorimeter, (dark 
orange). Ten circular magnetic coils (blue), surround the calorimeter. A silicon tracking system (gray), is arranged in 
six layers each composed of several units (i.e. ‘ladders’). Two time-of-flight layers segmented in paddle (green), are 
located outside the outer tracker layer and below the innermost tracker layer. Right: detail of the central part of the 
apparatus; the segmentation of the calorimeter in (x-y) view is clearly visible, as well as the time of flight inner layers 
placed between the calorimeter surface and the first tracker layer. The adaptive orientation of the tracker sensors is 
set to maximize the trajectory measurement resolution 
 

Weight: ~ 6 Tons
Power: ~ 4 kW
# channels: 2.5 M
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space mission HERD [HERD 2017], ALADInO will provide the most accurate characterization of the (e++e-

) flux at 1 TeV and above, determining with the unique precision the only observational feature that is 
planned to be used by CTA to calibrate its energy scale [Parsons 2016].  

 
REQUIREMENT 5 

 The measurement of (e++e-) up to ~ 50 TeV requires a collection factor of ~20 m2 sr yrs. A 
lepton/hadron separation larger than ~105 is essential to avoid proton contamination. The 

cross-calibration of the calorimeter energy scale with the rigidity spectrometer measurement 
will allow to determine spectral features with an accuracy better than 1%.  

 
 

 

 
CR PROTONS AND NUCLEI UP TO 50 TEV/n – Recently, measurements of CR proton and helium 
fluxes performed by PAMELA and AMS-02 revealed unexpected anomalies in the high-energy range of 
CR spectra [Serpico 2015]. In particular, the proton spectrum from ~10 GeV up to 1.8 TeV of energy was 
reported to be appreciably harder than the helium spectrum while, in the energy spectra of both species, a 
remarkable change of the spectral index (or spectral hardening) was observed to occur at about 200 GeV of 
energy [PAMELA 2011, AMS-02 2015a, AMS-02 2015b, CALET 2019]. More recently, Z>2 
measurements from AMS-02 reported that the hardening effect is present in essentially all charged elements 
of the cosmic radiation, including primary, secondary fluxes, and even in secondary/primary ratios [AMS-
02 2017, AMS-02 2018, Yan 2019]. Explanations for the CR spectral anomalies may involve the interplay 

Figure 5. Left: Sensitivity for the measurement of (e++e-) flux break energy (EBREAK) and index variation (Δγ) based 
on the parametrization used in [DAMPE 2017]. Right: Projected (e++e-) flux measurement with ALADInO in a 
scenario with a diffuse flux and with a contribution of a nearby astrophysical source in the supra-TeV energy range. 
Fluxes are multiplied by E3 for display purposes. 
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Figure 6 ALADINO expectation for the B/C flux ratio, for an exposure of 20 m2 sr yrs. Two benchmark models for the 
B/C are shown, both consistent with the existing data. The simulations are shown for both the spectrometric and 
calorimetric modes. 
 

The calorimeter is slightly bigger than 
the HERD one but is very similar:
• similar statistical errors similar energy 
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• similar energy resolution, both for 

electromagnetic particles and nuclei

The possibility to crosscheck the Energy 
in the Calorimeter with the Rigidity (i.e. 
Momentum) in the Spectrometer will 

permit lower systematics
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space mission HERD [HERD 2017], ALADInO will provide the most accurate characterization of the (e++e-
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measurements from AMS-02 reported that the hardening effect is present in essentially all charged elements 
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the background rejection capabilities and the instantaneous coverage of almost full sky of ALADInO, 
resulting in an expected sensitivity better than 0.2% in the e+ dipole anisotropy above 16 GeV. This will 
reveal novel and unprecedented information, improving the current limits by a factor 10 and probing for the 
first time e+ anisotropies at TeV energies, possibly providing conclusive information on the origin of high-
energy e+/-. 

 
 
 
 
 
 

 

 REQUIREMENT 2 
The measurement of electrons and positrons up to ~5 TeV of energy with a % accuracy, 
translates into a requirement on the collection factor of ~15 m2 sr yrs. A lepton/hadron 

separation factor larger than 105 is essential to avoid proton contamination. 
Misidentification of electrons as positrons due to charge confusion must be kept below 10-2 at 

all energies to prevent electron-induced background.  

 
ANTIPROTON/PROTON RATIO – The most recent measurements on CR antiprotons are made by the 
AMS-02 experiment [AMS02 2016]. The AMS-02 data show an unexpectedly flat antiproton-to-proton 
ratio (%̅ %⁄ ), in the high-energy region between ~60 and 450 GeV, which is at tension with the astrophysical 
background models based on secondary production of antiprotons from CR collisions with the gas. In fact, 
background models predict a rapid decrease for the high-energy %̅ %⁄  ratio, similarly to the B/C ratio. Such 
a tension hints at scenarios with extra (DM) sources of high-energy antiprotons though, in contrast to 
positrons, it could in principle be ascribed to undetected uncertainties in the astrophysical background [Salati 
2015, Boudad 2019]. The current %̅ %⁄  data favor two classes of DM scenarios, as illustrated in Error! 
Reference source not found. [Jin 2015, Jin 2017]. In the left panel of the figure, it is shown a scenario with 
~60 GeV mass DM annihilating into hadronic channels (("	pairs, giving rise to an antiproton signal at the 
0.1-10 GeV energy scale, where the background models underpredict the antiproton flux. In the right panel, 
the figure shows a scenario with ~10 TeV mass scale DM and giving rise to a high-energy excess of 
antiprotons, from ~100 GeV to 10 TeV. In both figures, the gap between the AMS-02 data and the predicted 
background leaves room for DM annihilation contributions. Claims for DM evidence were recently made 
in many recent theoretical works, roughly based on these two classes of scenarios [Cirelli 2015b, Cui 2017, 
Cuoco 2017, Cholis 2019, Cuoco 2019]. From the projected antiproton measurements for ALADInO, shown 
in Figure 3, it is clear that the discovery potential for DM spans over a large range of mass scales, from 
O(10 GeV) to multi-TeV. Regarding the astrophysical background estimation, the situation with antiprotons 
is highly model dependent. Improved background calculations can relieve either the low-energy or high-
energy tensions, but not both tensions at the same time, and not without testable consequences for the high-
energy spectra of secondary nuclei (see below). Precision multi-TeV data on secondary nuclei will then be 
crucial at discriminating among CR propagation scenarios for astrophysical background.  

PRL$122$(2019)

stat.$uncertainty

POSITRONS

AMS=02$$$$$PRL$122,$041102$(2019)
ALADINO 15$m2 sr yrs

stat.$uncertainty

ELECTRONS$(⨯0.1)
AMS=02$$$$$PRL$122,$101101$(2019)
ALADINO 15$m2 sr yrs

stat.$uncertainty

Figure 2. Left) Projected measurement of ALADINO for e+/- fluxes in the descriptive model of [AMS02 2019a, AMS02 

2019b] with a TeV break compatible with observations of [DAMPE 2017]. Fluxes are multiplied by E3 and the e- flux scaled 

down of a factor 10 for display purposes. Right) Projected e+ flux measurement in 4 different scenarios invoking 

astrophysical and DM origin of high-energy e-. The accuracy of ALADINO data in the supra-TeV region will allow to 

disentangle the dominating source of high-energy e+-. 
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It is also worth noticing that the pulsar scenario considered for the explanation of the positron 
fraction do not predict any excess in the antiproton flux. Models of extra-sources of antiprotons from 
astrophysical processes involve the hadronic production of secondary CR inside the shockwaves of 
supernova remnants [Cowsik 2014, Cowsik 2016, Tomassetti 2017, Lu 2016]. These models can be 
definitely tested using secondary nuclei data at multi-TeV energies. 
 
Thanks to its large acceptance, long duration and orbital operation far from the Earth magnetic field, 
ALADInO will provide more than two orders of magnitude increase in the existing antiproton statistics in 
the energy range 100 MeV-5 TeV. 
 
 

 
REQUIREMENT 3 

Testing the TeV-scale mass DM annihilation requires a collection factor of ~15 m
2
 sr yrs to 

extend at least one decade in energy the antiproton flux measurement. To achieve the needed 

sensitivity, the antiproton background must be suppressed. This requires a rejection factor 

of ~10
5
 against mis-identified protons and an electron/proton separation of ~10

4
.  

 
ANTIDEUTERIUM AND ANTIHELIUM – In addition to the measurement of the antiproton spectrum, 
complementary DM searches with antideuteron nuclei (D-) in the sub-GeV energy region would benefit 
from promising DM signals and kinematically suppressed background, thereby offering a potential 
breakthrough for new physics discoveries [Aramaki 2016]. The situation is similar with anti-

3
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of signal/background ratio, although the absolute signal level is significantly suppressed at increasing mass 
number [Cirelli 2014b, Carlson 2014, Coogan 2017].  
The ideal requirement, for these channels, would be to reach the level of astrophysical background, testing 
any model of DM annihilation that gives rise to a detectable excess above the background. Figure 4 shows 
flux calculations for antideuteron (left) and anti-3He (right) as a function of kinetic energy per nucleon, 
including predictions for the DM models (blue lines) consistent with present antiproton data [Cuoco 2017, 
Korsmeier 2018]; an up to date calculation of the astrophysical background is also included, along with its 
uncertainties [Tomassetti 2017]. The simulated flux measurements with ALADInO are shown as red 
markers for the astrophysical background and for the DM signals. The best current upper limits are also 
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Figure 3 Antiproton-to-proton ratio as a function of kinetic energy according to standard calculations for the 
astrophysical background: the plots illustrate the effect of two benchmark models, as discussed in the text. The two 
scenarios represent 10 TeV (right) and 60 GeV (left) mass DM particles annihilating in b-bbar [from Jin 2015]. In both 
scenarios, projections for ALADINO in 5 years of observation times are shown. 
 

1-10 1 10 210 310 410
kinetic energy (GeV) 

6-10

5-10

4-10

3-10

/p
 ra

tio
   

 
p

AMS-02 [Aguilar et al. 2016]

ALADINO  5 yrs

 60 GeV)» (M b b®DM-DM 

Astrophysical background

/p ratiopTotal 

1-10 1 10 210 310 410
kinetic energy (GeV) 

6-10

5-10

4-10

3-10

/p
 ra

tio
   

 
p

AMS-02 [Aguilar et al. 2016]

ALADINO  5 yrs

 10 TeV)» (M b b®DM-DM 

Astrophysical background

/p ratiopTotal 

 
 
High Precision Particle Astrophysics as a New Window on the Universe  11 

With a predicted sensitivity in 5 years of ~5∙10-9 part/(m2 sr s GeV/n) at the 95% C.L in the 0.1-1.5 GeV/n 
kinetic energy region, ALADInO will probe most models of light and heavy DM particles in the antideuteron 
channel, and a vast region of parameter space for in the antihelium channel.  
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The astrophysics background level of secondary CR antinuclei can be reached with 20 m2 sr 

years of exposure on antideuteron (antihelium) in the GeV energy region. The optimal 
energy range to detect DM-induced excesses is 100 MeV/n – few GeV/n. 

 
 

 High energy CR (electrons, protons and nuclei) 
HIGH ENERGY ELECTRONS – The precise measurement of the supra-TeV e+/- spectral features could 
provide relevant information to assess the nature of the observed excess in the positron flux. The 
measurement of the total (e++e-) flux is insensitive to charge sign identification: it is an interesting 
observable for both spectrometric and calorimetric space experiments, as well as for ground observatories. 
The experimental scenario is variegated. Indirect ground measurements first revealed, although with large 
uncertainties, a sudden drop in the (e++e-) flux intensity starting at 1 TeV [HESS2009, MAGIC2011, 
VERITAS 2015]. The drop has been recently confirmed by direct space measurements [DAMPE 2017, 
CALET 2017, CALET 2018] which have studied the e± spectrum up to ≈5 TeV. However, no evidence of 
a break up to 2 TeV is observable in the Fermi-LAT measurement [FERMI 2017b] nor from the latest AMS-
02 results [AMS02 2019a, AMS02 2019b]. Finally, in the [300-1000] GeV energy range, discrepancies in 
the flux intensities up to 30% are observed between measurements from different space detectors. 

The large statistical uncertainties above the TeV region and the observed discrepancies below the 
TeV region add further complexities in the data interpretation of the origin of the spectral break and of the 
tentative feature observed at 1.4 TeV by DAMPE, which could be explained involving new astrophysical 
mechanisms or DM related effects [Athron 2018, Fan 2018, Jin 2018, Liu 2018, Lopez-Coto 2018, Lipari 
2019, Niu 2019, Mertsch 2019, Recchia 2019]. Redundant measurements of the (e++e-) energies and spectra 
are a fundamental requirement to reduce systematic uncertainties. ALADInO, taking advantage of its 
calorimetric collection factor of 20 m2 sr yrs and an hadron rejection capabilities larger than 105, will provide 
for a real advance in the field. Below 10 TeV the hadronic background will be kept below 0.1%. The 
measurement uncertainty will be consequently dominated by the knowledge of the calorimeter energy scale 
which, as for the AMS-02 experiment [Kounine 2017a], will be improved by at least a factor of 2÷3, with 
respect to calorimeter-only instruments, by the cross-calibration with the rigidity measurement of the 
spectrometer. The large collection factor will extend the sensitivity of ALADInO to characterize the 
spectrum of nearby astrophysical e+/- sources up to 50 TeV, as shown in Figure 5. In the scenario where the 
supra-TeV region will also be measured by the CTA ground observatory [CTA 2019] and the calorimetric 

Figure 4. Antideuteron (left) and anti- 3He (right) fluxes as a function of kinetic energy per nucleon. See text for 
description. 
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Figure 12: Schematic view of the AMS-100 detector and its response to protons and
positrons. The magnetic field inside the main solenoid is oriented in the z-direction, i.e. the
bottom left view shows the bending plane of the magnet, and a transverse view is shown
on the bottom right. The upper panel shows a zoom into the bending plane view.

the Sun in one year, together with Earth and L2. This will guarantee homogenous sky
coverage for “-ray astronomy. The weight estimate of the instrument is given in Table 3.
It has eight million readout channels in total and an estimated total power consumption
of 15 kW.

3.3.1 Event trigger

Reducing the 2 MHz rate of incoming particles to an acceptable level of a few kHz for the
higher level DAQ systems and to a data rate of ≥28 Mbps [112] for the transfer to Earth
with on-board computers will be a major challenge. To overcome it, the fast information
provided by the outer detector (ToF-system and SciFi-tracker) will be used for the trigger
decisions, in combination with calorimeter measurements: The track segments of the
higher energy particles reconstructed in the SciFi tracker will provide a first estimate of
the particle’s rigidity up to the TV scale, and the ToF signal amplitudes will determine the
particle’s charge. This will allow the configuration of flexible trigger menus. For example,
light nuclei with rigidity below 100 GV have to be mostly rejected. Charged particles with
an energy below ≥ 100 MeV will be deflected by the magnetic field of the main solenoid

15

• The Calorimeter is 
essentially based on 
the HERD design

• A Pre-Shower 
(silicon detectors + 
tungsten) is foreseen 
to provide an angular 
resolution for γ-rays 
similar to the Fermi-
LAT one

• An additional 
external γ-ray 
converter on the 
end-cap is foreseen 
to increase the γ-ray 
acceptance
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Figure 8: Magnetic field lines in the AMS-100 magnet system (black) and amplitude of
the z-component of the magnetic field (color map). The compensation coil cancels the
magnetic moment of the main solenoid, without substantially a�ecting the magnetic field
inside the main solenoid.

Figure 9: Simplified thermal model for AMS-100 taking only the radiation between the
surfaces, the Sun and deep space into account. The color scale indicates temperature in
Kelvin. Left: Warm side facing the Sun. Right: Cold side facing deep space.
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Figure 9: Simplified thermal model for AMS-100 taking only the radiation between the
surfaces, the Sun and deep space into account. The color scale indicates temperature in
Kelvin. Left: Warm side facing the Sun. Right: Cold side facing deep space.

12

An (expandable) compensation coil 
balances the magnetic moment of the 

solenoid and allows the attitude control of 
the instrument within the heliospheric 

magnetic field 

The High Temperature Superconducting 
magnetic system is based on REBCO 

tapes operated at 50-60°K

The sunshield is a key 
component of AMS-100, 
allowing the HTS magnet 
to operate without 
cryogens. It has a radius 
of 9 m and is designed 
similar to the concept 
developed for the James 
Webb Space Telescope
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questions need to be worked out in detail to make such a large space mission possible.
These questions are of similar complexity as the ones that had to be solved to realize
AMS-02 after the proposal in 1994 [118]. The AMS-100 concept as outlined in this article
(Tab. 5) has the potential to improve the sensitivity of AMS-02 by a factor of 1000. This
means that we will reproduce 20 years of AMS-02 data within the first week of operation
at Lagrange Point 2. In the second week, we will start exploring completely new territory
in precision cosmic-ray physics.

Quantity Value
Acceptance 100 m2 sr
MDR 100 TV for |Z| = 1

Material budget 0.12 X0
of main solenoid 0.012 ⁄I

Calorimeter depth 70 X0, 4 ⁄I

Energy reach 1016 eV for nucleons
10 TeV for e+, p̄

8 GeV/n for D̄
Angular resolution 4ÕÕ for photons at 1 TeV

0.ÕÕ4 for photons at 10 TeV
Spatial resolution (SciFi) 40 µm
Spatial resoultion (Si-Tracker) 5 µm
Time resolution of single ToF bar 20 ps
Incoming particle rate 2 MHz
High-level trigger rate few kHz
Downlink data rate ≥28 Mbps
Instrument weight 43 t
Number of readout channels 8 million
Power consumption 15 kW
Mission flight time 10 years

Table 5: Important quantities in the AMS-100 design.
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Figure 2: Cosmic-ray proton spectrum. Expected data from AMS-100 (blue) (statistical
uncertainties only), for the case that the proton flux is described by a power law with several
smooth breaks, inserted for the purpose of illustration (dashed curve). Recent magnetic
spectrometer measurements from BESS [29], PAMELA [30], and AMS-02 [24]. Recent
calorimeter measurements from ATIC-2 [31], CALET [32], and CREAM-III [33].

2.1 Protons and other nuclei
Protons are the most abundant species in cosmic rays. PAMELA and AMS-02 have reported
a spectral break above ≥200 GV in protons and other light nuclei [24–26]. Such spectral
breaks encode information about the sources and propagation history of cosmic rays [27,
28], but thus far, no coherent and well-accepted description of the various observed features
has emerged. AMS-100 will have the size and energy reach to directly measure, for the
first time ever, protons and light nuclei in cosmic rays up to and through the energy of
the cosmic-ray knee (Fig. 2), as well as heavier nuclei with vastly improved statistics. The
detailed spectral and composition studies enabled by AMS-100 through the knee region
will directly address several unresolved decades-old questions in cosmic-ray astrophysics
including, for instance, what is the maximum energy that can be reached by galactic
cosmic-ray accelerators. This information also forms an essential context for the other
studies detailed below, such as the origin of cosmic-ray positrons, electrons, antiprotons,
and antimatter. In addition, these direct measurements at the highest energies will allow
us to investigate the change of the chemical composition of cosmic rays at the knee and
gather invaluable information about the transition from galactic to extragalactic cosmic
rays.

2.2 Positrons and Electrons
The unexpected excess of high-energy positrons observed above the predicted yield from
cosmic-ray collisions has been one of the most exciting developments in high-energy as-
trophysics in the last generation. Possible interpretations range from new e�ects in the
acceleration and propagation of cosmic rays [34–36] to acceleration of positrons to high
energies in astrophysical objects [37–45] and to dark matter [46–54] as a new source of
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only) for two di�erent scenarios: a) The spectrum is described by a power law plus a
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spectrum is described by power laws with spectral breaks and the last break is at 300 GeV
(blue squares, upper curve at high energy). The dashed green curve shows the expected
spectrum from a) without the source term. Recent experimental data from PAMELA [55]
and AMS-02 [7] are shown.

cosmic-ray positrons. The latest data on the positron flux from AMS-02 show a spectral
break at 300 GeV followed by a sharp drop [7]. The detailed understanding of the shape
of the spectrum above this energy is the key to deduce the origin of these high energy
positrons.

A generic source term, that describes the contribution of the new source responsible for
the positron excess, is given by a power law with an exponential cuto� (e.g., Ref. [7]).
AMS-100 will be able to precisely measure the cosmic-ray positron spectrum up to 10 TeV
(Fig. 3).

If the origin of the source term is a process producing electrons and positrons in equal
amounts, the e�ect should also be detectable in the cosmic-ray electron spectrum. Both
pulsar models and dark matter models generically predict such a charge-symmetric source
term. H.E.S.S. [60], VERITAS [62], and DAMPE [58] have observed a spectral break of
the combined electron and positron flux at about 1 TeV followed by a sharp drop, which
might be related to this question. AMS-100 will be able to precisely measure the cosmic-
ray electron spectrum up to 20 TeV (Fig. 4) and detect features associated with the local
sources of electrons predicted in propagation models. Identifying such features will shed
light on the origin of positrons, electrons, and other cosmic-ray species.

2.3 Antiprotons
A key discriminator between various models for the origin of positrons is the presence or
lack of antiprotons. Pulsars will not generate these antiparticles, but according to most
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) flux by CALET [57], DAMPE [58], FERMI [59], and H.E.S.S. [60, 61]

are shown as they extend to higher energies and provide an upper limit for the electron
flux.

dark matter models, pair annihilations of dark matter particles will create antiprotons.
Therefore, antiproton measurements may provide support to the dark matter hypothesis for
the origin of the positron excess or rule it out. Independently, they provide another crucial
probe of the processes in the interstellar medium, as well as production and acceleration
of secondary species in the sources [63]. AMS-100 will be able to measure the antiproton
spectrum up to the 10 TeV energy scale and provide precise information on the spectral
shape. Hence it will shed light on many questions associated with the origin of cosmic rays
and with the nature of dark matter (Fig. 5).

2.4 Antihelium
AMS-02 has shown both 3

He and 4
He candidate events at a CERN Colloquium in 2018 [8].

These unexpected events are observed in AMS-02 at a rate of 1 event/year or 1 He event
in 100 million He events, well above the rate of secondary He production in coalescence
models. Their origin is presently unclear, however, the statistically significant detection of
unambiguous He events could have the most profound implications for physics and astro-
physics. Progress in this direction requires new instrumentation achieving high-confidence
particle identification, a solid understanding of potential backgrounds, and powerful sys-
tematic checks. AMS-100 will have the performance and exposure to do exactly this –
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Experiment Energy range D̄ sensitivity Ref.
(GeV/n) ([m2 s sr GeV/n]

≠1)
GAPS 0.1 to 0.25 2.0 · 10

≠6 [69]

AMS-02 0.2 to 0.8 4.5 · 10
≠7 [70]

2.2 to 4.2 4.5 · 10
≠7 [70]

AMS-100 0.1 to 8.0 3 · 10
≠11

Table 1: Comparison of antideuteron sensitivities. (The AMS-02 sensitivity was estimated
in Ref. [70] for the superconducting magnet instead of the permanent magnet used in the
flight configuration.)

extrapolating the AMS-02 candidate He event rate to the AMS-100 acceptance results in
the prediction of ≥ 1000 He events/year. The precision measurement of the spectral shape
of the He flux would allow tests of the origin of He. Additionally, the rotational symmetry
of AMS-100 allows detailed systematic cross-checks of such a result equivalent to inverting
the magnetic field.

2.5 Antideuterons
Antideuterons potentially are the most sensitive probe for dark matter in cosmic rays [71,
72]. While antiprotons are predominantly produced in secondary interactions in the inter-
stellar medium, antideuterons at low energy have no other known origin. No antideuterons
have ever been identified in cosmic rays. The current best limit has been set by BESS [73],
excluding a flux of 1.9 ◊ 10≠4

(m2 s sr GeV/n)
≠1 between 0.17 GeV/n and 1.15 GeV/n at the

95 % confidence level. The expected sensitivity of AMS-100 is 3 ◊ 10≠11
(m2 s sr GeV/n)

≠1

in the energy range between 0.1 GeV/n and 8 GeV/n. It is compared to other experiments
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Figure 6: Di�erential sensitivity of AMS-100 to antideuterons in cosmic rays for a mission
time of 10 years and a single-layer ToF time resolution of 20 ps, with a logarithmic binning
of 20 bins per decade (thick dashed red curve). Sensitivities for time resolutions of 10 ps,
30 ps, 40 ps and 50 ps are shown by thin dashed red curves (from right to left). The
red symbols show the expected data from AMS-100 if the antideuteron flux follows the
dark matter model of Ref. [66] with statistical uncertainties (which are smaller than the
symbol size). The solid black curve shows the antideuteron flux expected from secondary
production by charged cosmic rays interacting with the interstellar material, as derived in
Ref. [67] for the EPOS LHC interaction model. Data for the other Z = ≠1 particles in
cosmic rays, from AMS-02 [6, 68] and BESS-Polar [64], are shown to indicate the signal
to background ratios for the antideuteron measurement.

in Table 1. At this level of sensitivity, it is no longer useful to quote an integral sensitivity,
which is related to the chances of observing a certain number of events anywhere inside
a given energy range. Instead, we calculate a di�erential sensitivity, which can be directly
compared to model predictions for the di�erential D̄ flux. We choose a logarithmic energy
binning with 20 bins per decade and calculate the sensitivity individually for each bin. It is
defined as the 95 % confidence level limit that will be set in case no D̄ events are observed in
the given bin. The di�erential sensitivity for antideuterons is shown in Fig. 6. AMS-100 will
be the first instrument to measure the cosmic-ray antideuteron spectrum with thousands
of events, even in the case that antideuterons originate only from secondary production.
AMS-100 will have the sensitivity to distinguish between antideuterons originating in dark
matter annihilations and those produced in interactions within the interstellar medium, due
to the di�erent spectral shapes expected for these components. While it is not clear if
antideuterons from dark matter annihilation exist, the observation of antideuterons from
secondary production would allow us to set additional constraints on the 3

He and 4
He

rates in cosmic rays: Within the coalescence model [74], every nucleon in the antimatter
particle reduces the production rate by a factor ƒ 10

3
-10

4 depending on the energy, i.e. we
expect N(p̄) : N(D̄) : N(

3
He) : N(

4
He) ¥ 1 : 10

≠3
-10

≠4
: 10

≠6
-10

≠7
: 10

≠9
-10

≠10 in
cosmic rays if there is no new source for one of these antimatter species. A simultaneous

7

DM model from A. Cuoco et al. 2017, Phys. Rev. Lett. 118, 191102, M. Korsmeier et al., 2018, Phys. 
Rev. D 97 n.10, 103011
BKG model from S.-J. Lin, X.-J. Bi, and P.-F. Yin, arXiv e-prints (2018). arXiv:1801.00997. 

ToF resolution:
(50 ps 40 ps 30 ps) 20 ps (10ps)

For anti-He the expected sensitivity is ~ 10-11
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AMS-100 launcher
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�3

Current and upcoming rockets 

Name     LEO [kg]  other [kg] First flight  
Ariane 5     21,000  10,730 GTO 2002      ESA 
Falcon Heavy        63,800  26,700 GTO 2017       SpaceX 
Long March 5   25,000    8,000 TLI 2016      CALT 
Long March 9 130,000  50,000 TLI 2025       CALT 
SLS Block 1B 105,000  39,100 TLI 2022       NASA 
SLS Block 2  130,000  45,000 TLI 2025      NASA 

Operational 
Under development 

LEO: Low Earth orbit 
GTO:  Geostationary transfer orbit 
TLI: Trans-lunar injection

8.4 m

AMS-100: 40 t
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Instrument performances
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Item HERD ALADINO AMS-100
Electromagnetic calorimeter 
depth

55 X0 61 X0 70 X0

Hadronic calorimeter depth 3 λI 3.5 λI 4 λI

MDR - 20 TV 100 TV
Acceptance
(spectrometer)

- ~ 10 m2 sr ~ 100 m2 sr

Acceptance
(spectrometer + calorimeter

- ~ 3 m2 sr ~ 30 m2 sr

Acceptance
(calorimeter)

~ 3 m2 sr ~ 9 m2 sr ~ 30 m2 sr

# of channels 300 k 2.5 M 8 M
Weight ~ 4000 kg ~ 6000 kg ~ 40000 kg
Power Consumption ~ 1400 W ~ 4000 W ~ 15000 W
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Current operating and future/possibile experiments
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Stay tuned…
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Backup
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USA
FLORIDA STATE UNIVERSITY
HAWAII UNIVERSITY
MIT - CAMBRIDGE
NASA GODDARD SPACE FLIGHT 
CENTER
NASA JOHNSON SPACE CENTER
TEXAS A&M UNIVERSITY
UNIV. OF MARYLAND - DEPT OF 
PHYSICS
YALE UNIVERSITY - NEW HAVEN

MEXICO
UNAM

FINLAND
HELSINKI UNIV.
UNIV. OF 
TURKU

FRANCE
GAM 
MONTPELLIER
LAPP ANNECY
LPSC GRENOBLE

GERMANY
RWTH-I
RWTH-III
MAX-PLANK INST.
UNIV. OF 
KARLSRUHE

ITALY
ASI
CARSO TRIESTE
IROE FLORENCE
INFN & UNIV. OF 
BOLOGNA
INFN & UNIV. OF MILANO
INFN & UNIV. OF PERUGIA
INFN & UNIV. OF PISA
INFN & UNIV. OF ROMA
INFN & UNIV. OF SIENA

NETHERLANDS
ESA-ESTEC
NIKHEF
NLR

ROMANIA
ISS
UNIV. OF BUCHAREST

RUSSIA
I.K.I.
ITEP
KURCHATOV INST.
MOSCOW STATE 
UNIV.

SPAIN
CIEMAT -
MADRID
I.A.C. CANARIAS.

SWITZERLAND
ETH-ZURICH
UNIV. OF GENEVA

CHINA BISEE (Beijing)
IEE (Beijing)
IHEP (Beijing)
NLAA (Beijing)
SJTU (Shanghai)
SEU (Nanjing)
SYSU 
(Guangzhou)
SDU (Jinan)

KOREA
EWHA

KYUNGPOOK 
NAT.UNIV.

PORTUGAL
LAB. OF INSTRUM. 
LISBON

ACAD. SINICA 
(Taiwan)

AIDC (Taiwan)
CSIST (Taiwan)
NCU (Chung Li)
NCKU (Tainan)

NCTU (Hsinchu)
NSPO (Hsinchu)

TAIWAN

16 Nations, 60 Institutes e 600 Researchers
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TRD: 
identifies 
the electron

Tracker and Magnet: 
measure the 
momentum

ECAL: identifies the electron 
and measures the energy

side 
view

front 
view

RICH 
unitary 
charge (Z)

TOF: sign of 
velocity and 
trigger

ISS Data – 1.03 TeV Electrons
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TOF

Tracker

TOF

RICH
Tracker

ECAL

M
A

G
N

ET

A
C

C

A
C

C

M
A

G
N

ET

Tracker

TRD
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AMS

Red line: CO2 gas/liquid two phase Blue line: CO2 liquid phase

Pump

Heat exchanger

Accumulator

Condenser
Tracker

Thermal Control of the AMS-02 Silicon Tracker 
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#SpacewalkforAMS
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15 November 2019
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Control of fragmentation inside the detector
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B ßO
ßC

ßN

ZTOF_LOW=5.2

ZTRK_IN=4.8

ZRICH=5.1

ZTRK_L1=6.1

ZTRD=6.0

Z0=9.9

Z1=5.3

front      
view

86
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Key concepts/detectors
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Y

Z

X

DAQ

Level1
Level3

Header

x y
z

DAQ

Level1
Level3

Header
DAQ

Level1
Level3

Header
DAQ

Level1
Level3

Header
DAQ

Level1
Level3

Header
DAQ

Level1
Level3

Header

o

Momentum = 33.1 ± 1.6 GeV/c
Charge =  -1.97 ± 0.05
Mass =  2.93 ± 0.36 GeV/c2

Mass (3He)   =   2.83 GeV/c 2

Date: 2011-269:11:19:32
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10,880 
photosensors

21,760 Signal 
Pulses

to identify nuclei 
and their energy

Intensity µ Z
Q µ V

Radiator

Detectors

Reflector

Particle

Θ

NaF Aerogel

Li C OHe Ca

AMS-02 Ring Imaging CHerenkov
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ZRICH= 5.1

An AMS-02 RICH ion ring
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Z = 7 (N)
P = 2.088 TeV/c 

Z = 10 (Ne)
P = 0.576 TeV/c 

Z = 13 (Al)
P = 9.148 TeV/c 

Z = 14 (Si)
P = 0.951 TeV/c 

Z = 15 (P)
P = 1.497 TeV/c 

Z = 16 (S)
P = 1.645 TeV/c 

Z = 19 (K)
P = 1.686 TeV/c 

Z = 20 (Ca)
P = 2.382 TeV/c 

Z = 21 (Sc)
P = 0.390 TeV/c 

Z = 22 (Ti)
P = 1.288 TeV/c 

Z = 23 (V)
P = 0.812 TeV/c 

Z = 26 (Fe)
P = 0.795 TeV/c 

Up to iron…
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HERD detector

23/02/20 Matteo Duranti 91



PERUGIA
ALADInO magnet

Benefit from the R&D of high temperature 
superconducting magnets (MgB2, YBCO and in particular 
REBCO) for space applications (T  ≈ 15÷40°K)

Field 0.8 T
Bending power > 1.1 T m
Weight ~ 1000 Kg
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High Precision Particle Astrophysics as a New Window on the Universe  17 

Cooling: a superconducting magnet operating at 40 K in the deep space could be passively cooled: it would, 
however,  requires large area radiators. Therefore the use of cryocoolers looks the favorable choice.  
Most of the heat flux from the Sun is passively intercepted by an umbrella-type shield made of V-groove 
layers [Moery 2006]. The temperature on the dark side of the sunshield can be estimated as high as 60 K, 
with a residual heat flux density in the region of 80 mW/m². The heat flow can be directed to the external 
ToF surface to maintain the ToF at its working temperature (250 K). 
The superconducting coils, operating at 30-40 K, are subjected to multi-directional thermal radiation from 
the calorimeter, ToF and tracker (at 230-250 K). Therefore, each coil must be surrounded by two thermal 
shields. The external one, on the detector side, will be actively maintained at 80 K by a cryocooler and the 
second one, thermally passive, will be at a temperature close to the magnet working temperature (see Error! 
Reference source not found.). 
The 80 K shields will be thermally connected with the central thermal link by pulsating heat pipes, to 
maximize the efficiency/mass ratio [Bruce 2018]. The 80 K thermal shield will be composed of a light 
structure supporting a cryogenic multi-layer insulation (MLI). The maximum radiation power to be 
extracted to maintain the shield at 80 K is of the order of 50 W. This heat load will be absorbed by the first 
stage of the cryocooler (see Figure 10). The second shield will be also composed of 10 to 20 layers of MLI 
and will be directly wrapped around the coils. From 80 K, the MLI performance is about 0.1 W/m² which 
represents a heat load of 2 W on the entire coils system at the operational temperature. Mechanical supports 
will be necessary to maintain the entire assembly together.  
Studies are in progress to reduce the tracker and calorimeter operational temperature below 230 K and 
consequently to reduce the heat load on the coils. 

 Tracker 
Tracking with a O(µm) precision could be easily achieved in ALADInO using double side silicon 

microstrip detectors. Originally developed in the ‘80s for micro-vertex detectors in the High Energy Physics 
experiments at colliders, the precursor flight of the AMS experiment on the shuttle Discovery in 1998 has 
first demonstrated that thin, O(300µm), silicon microstrip detectors can be successfully operated for tracking 
in space. In addition to precision measurement of particle coordinates, silicon microstrip detectors are light 
weight, minimizing the material along the particle trajectory, thus reducing the probability of particles 
scattering in the detector material. In addition absence of consumables and relatively low operating voltages 
(~70 V) make silicon trackers an ideal tracking detector in space, both in  calorimetric experiments (AGILE, 
Fermi, DAMPE) or magnetic spectrometers (PAMELA, AMS-02). Several tens of m2 of silicon detectors 
are currently operating successfully in space in long term missions. By coupling the silicon device to a high 
dynamic range front end electronics, it is possible to measure the particle charge with high accuracy by 
looking at the amplitude of the total energy deposited, which is proportional to Z2.  
 

 
The design of the ALADInO tracking system benefits from the experience of AMS and PAMELA 

experiments. By using capacitive charge coupling with floating strips it is possible to get optimal spatial 

Figure 10. Conceptual cryogenic design. 

ToF	+	trigger																Superconducting	coil										Tracker										Cryogenic	shield	+	thermal	link																Cryocooler																					
Mechanical	support												Calorimeter	+	trigger 

Side	cross-sectional	view																			Top	cross-sectional	view 

The natural place for this
kind of detector is the L2 

Lagrangian point.

Most of the heat flux from 
the Sun is passively

intercepted by an umbrella-
type shield made of V-

groove layers (inspired by 
the one of the J.Webb

telescope).
The temperature on the 

dark side of the sunshield
can be estimated ~ 60 K. 
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AMS-100 magnet
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�5

The coil weights 43 kg and has a radial  
thickness of 3.4 mm and was build at KEK, Japan.

0.9 m 
1 Tesla

2.5 m 
2 Tesla

5.3 m

1.4 m

The coil weights 5.5 tons and has a radial  
thickness of 4.5 cm and was build at Toshiba, Japan.

Example of Thin Solenoids 
using Low Temperature Superconductors (Nb-Ti) at T = 4 Kelvin

ATLAS, CERN

BESS, 
Balloon Experiment

�5

August 2019: 
H. ten Kate from the CERN ATLAS magnet 

group has joined the team.
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p/He Flux Ratio
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AMS	p/He	Flux	Ratio	

New	Data	�	Please	refer	to	
forthcoming	AMS	publication	

7	years	update	of	M.	Aguilar	et	al.,	PRL	115	(2015)	211101		

11	
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Probing Non-Homogeneous Diffusion: 
AMS 3He/4He Ratio 

H	
C	

Fe	
He	

Effective	propagation	
	distance	∝	R	−Δ/2		A−1/3		

R	~	1	GV 

Probing	Non-Homogeneous	Diffusion:	AMS	3He/4He	Ratio	

M.	Aguilar	et	al.,	PRL	in	Press	

18	
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Cosmic Ray Clock: AMS Be/B Flux Ratio 
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The	secondary	10Be	beta-decays	with		
t1/2	=	1.4	My	through	10Be	à	10B	+	e-	+	ν.	
	
The	Be/B	ratio	rigidity	dependence	is	
related	to	the	cosmic	rays	confinement	
time	(or	the	galactic	halo	size	in	diffusion	
models).	

M.	Aguilar	et	al.,	PRL	120	(2018)	021101	

Be/B	

Cosmic	Ray	Clock:	AMS	Be/B	Flux	Ratio	

Galactic	Disk	

ISS	

Galactic	Halo	

C,N,O,	…	

10Be	

B	

20	



PERUGIA
Anti-Proton / Proton Ratio

Secondary	Antiprotons	from	Cosmic	Ray	Collision	

tuned	with	AMS	B/C	data		

A.	Reinert	and	M.	Winkler	JCAP	055	(2018)		

7	years	update	of	M.	Aguilar	et	al.,	PRL	117	(2016)	0911003	

New	Data	�	Please	refer	to	
forthcoming	AMS	publication	

AMS	Anti-Proton	Flux	 30	
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Antideuteron Search
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Status	of	Search	for	Anti-Deuteron	
M.	Korsmeier	et	al.,	Phys.	Rev.	D	97	(2018)	

Development is still on-going to improve the Background Rejection 

14
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Data Sample (May/2011—Jan./2019) 
2.7x109 events with RICH Ring (0.95<β<0.98) 

!	Talk	from	Senquan	Lu,	15/10/2019	
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Timing in an astro-particle tracker

Including the timing into the Tracker of an astro-particle detector permits to:

• substitute (or provide full redundancy to) any other ToF detector (i.e. planes of 
scintillators) in measuring β à isotopic composition for nuclear species (combined with 
E or p measurement); 
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With 20% energy resolution 
(doable @5-10 GeV for 

protons?)
the mass resolution cannot be 

never below 20%

à d/p doable maybe…

à 3He/4He already ruled out…

With δβ/β = 2% (i.e. 60 ps 
@ 1 m) the velocity
uncertainty term dominates
if γ2>O(10) à γ>O(3) à
Ep>3 GeV

M =
E

�
=

p
1� �2E
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