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Magnetic spectrometers for GCR physics
Principle of operation

Experiments based on magnetic spectrometers
The past
The present —> latest scientific results
The (near & far) future

Conclusions
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L orentz force

Force exerted on a charged particle movingin <0
an magnetic field
F=qVUVAB v
- N O —_— >
Flv q q=
Curved trajectory @ constant velocity @
Opposite direction depending on the charge sign q>0 B
If uniform B and % L B
Uniform circular motion Charged particle
Radius of curvature (gyroradius): motion in a
p R |RI[GV] magnetic field

T, = = —>71,|m| =3.3-

9 lqlB  Bc glml B[T] described by the
Magnetic rigidity magnetic rigidity
R=PE=P  pRlgy] =2/

lql  Ze Z
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Magnetic spectrometer

____________ 220 .
Trajectory reconstructed by interpolating § \ g
N position measurements | j.‘ '
If uniform B and ¥ L B {
Curvature k = 1/, EBG) /

________________________

Sagitta s ~ k L°/, WO I
: 8 (04 ~2—T:g
. |_ S ! aZ LZ
Large N = p.d.f. of k ~ gaussian Lo S~y =g
' T
Magnetic deflection \/ g

1 k
n== — n=— B|T
I R Bc s[mm] = 38 - L[m]? 7]

A magnetic spectrometer measures the particle deflection
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Deflection error

(577)2 ~ (577'res)2 +(577ms)2 L
» If uniform B and ¥ L B j\N
» For alarge number N of uniformly Multiple Coulomb

Scattering from nuclei of

spaced measurements along the ,
the traversed medium

trajectory in a uniform medium:

1

x 10

R e < TR E
L N+4 Bc © 0.18 P> o171
5 _0016(GV) [L 1 5 0.16| % .
Tms =~ rp X, Bc 0.14] paMila
0.12|

o = spatial resolution o1l

Llm] = track length i
Xolm] = medium radiation length 008 2 10°

R (GV)

A good spectrometer must be thin and have good tracking resolution
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Magnetic spectrometers for GCR study

Rigidity error increasing for increasing rigidity

6R R A T T T l [ 1 T T T | ’;
— =R én=—— "
R MDR - bvé?j,/' e
» Maximum Detectable Rigidity (MDR) _ 10_ MDR—;
SR 1 S F -
_] =100% = MDR= — 5 [ §
R IR=MDR on
Energetic limit of a magnetic spectrometer 'E 7,\ =
expressed by the MDR - P_E*if—;@ ]

-1 | | III| | | L1 | II|

0 102 108

R(GV)

Magnetic spectrometers provide:
» Most precise energy measurement over a wide energy range
» Unique possibility to measure the sign of the electric charge

Antimatter !l
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L3te 1970s

Superconducting magnetic

Evaporation of -

primordial b'lack spectrometers
'”hOIeS"‘:% s First historical measureéments of p-bar/p ratio

1 T lllllll 1 L lllllll T T lllllE

1 yll”l

N , i ® Golden 1979 -
O  Bogomolov 1979

>

Anti-nucleosyntesis

® _ Buffington 1981 extragalactic
_ primordial p -
Detection of p e N béa‘akcholes__ i
annihilation star S0t £ black holes ar matter-
o dark matter propagation / 1 .
a 1 g WA
1 o - WIMP dark-matter “°
N 8 S o y T
L hvsical 10° R =l 2nnibtlation’ig the
Ow astrophysica P mesesoeessoseeoy & 'Lg‘ala;ct;ig_;hal&"',‘ '
backeround - GCR interaction with ISM | | SRS ey
& ' GCR +ISM — p-bar + ... 4 R
¢ 106 L Ll llllll 1 1 ;7;7171717117777;777‘7717;7171717171777771777177177171lll : “‘..
search for new 0.1 1 10 100 1000 K B '
physics !! Kinetic Energy [GeV] '
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Superconducting magnets in space

Electromagnet made from

coils of superconducting wire

» Can carry large currents without

dissipating energy
Large B field
Persistent-mode operation

» Coil must be cooled below
critical temperature T,

It consumes cryogenic fluids

AN

/

[T
/ﬁ &R&-\ 90
/ 7\.,'_’\ EM g 80 ‘%a
/ A E ‘-——g 70 ‘"i
|~ = Rx"“: N N
““--\H\_\H_-_ - 542 : %
3 | M“E ¥ |
/ - Mm,ﬂ% 30 \9‘9 |
ZisEiNR :
%] — [ 20 30 40 50 60 70 lao 90
g -] gﬂx H_h:r'“ : FIELD IN  KILOGAUSS
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1980s

ASI-NASA

ASTROMAG
ON SPACE STATION

ASTROMAG
ASSEMBLY

(EXPLODED VIEW]

Extensive R&D in the ‘80s aiming to

optimize superconducting magnet facility to

be flown as a U.S.-Italy project on Space
Station Freedom in the late ‘90s

WiZard experiment dedicated to search for
primoridial antimatter

shuttle payload shuttle payload
bay fittings\ bay envelaope

s N 1
tracking
T0F-2 system
PMTS N
-
a8 e

I TROD

.

Astromag
cryostat

L -
calorimeter

1 1 1 ) I I |
0 1 2 3
scale (m)

Project canceled!
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Extensive campaign of daily balloon flights operated
by several groups

» Wizard (MASS, TS, CAPRICE)
» BESS
» Others (HEAT, IMAX...)

Main instrument characteristics
» Superconducting magnets (~1T field)

» MWPC & drift chamber tracking systems
(O(100um) resolution )

» MDR ~ 100 + 300 GV

p 10 Vannuccini Elena - 1SSS 2017



Matter-Antimatter Superconducting Tramp-Si Cosmic AntiParticle Ring-Imaging
Spectrometer Experiment
MASS89 MASS9S1 TS993 CAPRICE 94 CAPRICE 97/98
Location Canada NM NM Canada NM
Geo. cut-off (GV) 0.65 4.5 4.5 0.5 4.3
Magnetic field (T) 0.1+2 CAPRICE98
Tracking system MWPC MWPC+DC DC
Resolution (um) 160 100+160 100
MDR (GV) 120 200 300 //\
—
Particle-ID Time-of-flight (~200 ps)
Cherenkov counter (Freon) TRD RICH (NaF) RICH (C,F,,)
(BY)en~25 (BY)en~1000 (BY)en~1.1 BY)en~19 RICH
Calorimeter Brass streamer tubes Si-W Si-W
7.3X,0.8 %, 4.1X,0.2 2, 7.2X,0.3 %, \
=
T N e
il kd
T | MAGNET i
Nl DC
T B
Chatode == DC
wire N H
. oLofo N i
' AR A
Sloe ete 00 0 | 1 HETER I l‘“
CINS © e 0 o o § CiFo-high l | . g
° ° ° = purity gas - A
R R I NN | . -
/ J 174 N
Anode |
f wire \
'Cosmic rav [ [ ] ]
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TOF Counters (UTOF)

Solenoid

_ JET Chamber (JET)
__InerDC(IDC)  _ _

_ Middle TOF (MTOF)

— F Aerogel Cherenkov
™ W Counter (ACC)

TOF Counters (LTOF)

* Balloon-borne Experiment with a
Superconducting Spectrometer

* Focus on low-energy antiprotonsand
antinucleisearch (large acceptance!)

1993 1994 1995 1997 1998 1999 2000 2001 2002 i 2004 2007
Location Canada > > > > > > us C. E Ant. Ant.
Float time (h) 17.5 17 19.5 20.5 22.0 345 445 1.0 165 1+ 205 730
Observation time, float (h) 14 15 17.5 18.3 20.0 31.3 325 1 11.3 1 180 588
Observation time, asc./des. (h) 2.8 2.5 12.8 23, 33 35
Magnetic field (T) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 10 1+ 08 0.8
MDR (GV) 200 200 200 200 200 200 200 1,400 1,400 © 240 270
TOF resolution (ps) 300 300 100 75 75 75 75 75 75 i 160 120
ACC index - - - 1.03 1.02 1.02 1.02 1.02 1.02° v 1.02 1.03
Antiproton events observed 6 2 43 415 384 668 558 N/A 147 1 1520 ~8000
Antiproton’s energy (GeV) <0.5 <0.5 <3.6 <3.6 <3.6 <3.6 <42 N/A <42 ' <42 <35
Anti-He/He upper limit (x107°%) 22 43 24 1.4 1.0 0.8 0.68 N/A 065 | 027 0.07
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Plp

Status at the beqinning of 2000s

------- Bergstrém & Ullio 1999 04

Molnar & Simon 2001 (6=550) 0.3}

------- Moskalenko 2002 (A<0, a=157)

Charge ratio (e*/(e*+¢7))

02}
0.1
0.09
0.08 |
® BESS 1995.97 g'g: I
M BESS 2000 e |
4 BESS 1999 oos|  HEATOO
—————————————————————————— , ¥ BESS 1993 anel * AMS
Ch d d ! O HEAT-pbar 2000 . v CAPRICE94
I arge_ epen ent | O IMAX 1992 003} & HEAT94+95
! . | A BESS-polar 2004 ) * TSO3
' solar modulation | § yass 1se1
10% = O R EE PR R TP PR ' 4 CAPRICE 1994 0.02 | 2 mssg T 1987 IR
= ¥ CAPRICE 1998 uner ang T T
_llll 1 1 lllllll 1 1 lllllll 1 1 lllllll 1 g2 3 3 3 g1 1 " 1 .//” {
10" 1 10 10 1 4
kinetic energy (GeV) /' Energy (GeV)

D)
O
=
_|_
J—
w
=
\2
a
+
+
M
2
=
I+
+
M
2
g
_|_
M

Two directions for the future: e '
High-statistics measurement of p @low energy— BESS-Polar
p and e™ measurement @ high energy
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The new generation: PAMELA & AMS

Aiming to extend the antiparticle measurements at high energy
Instruments placed in space
» GCR path-length @20GeV ~ atmosferic grammage @balloon altitude (~ 5 g/cm?)

Tracking system based on microstrip Si technology
» Improved tracking capabilities

i

e
(Wizard ﬁ‘eritage)

Launched in 2006

Firstaest fligh"'g;n 1991
kOn board the ISS since 2011
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Micro-strip silicon detectors

X view Y view 30um
5 % g 25um
(junction) (ohmic) R .
| junction side |
— — —— .
« 533 mm —» Si0, —Integrated capacitance
r S iy S s — B 4 W W ——Implanted strips
2035 p+ strips TLLTEELIL | 1024 n+ strips - p* p* p*
E ersensor adedegpofohabotedads
E ’ THEE | Persenser S npebuk
o e
S implant IR | implant nt p* nt
pitch: A4ttt | pitch: m - F\ ——Imp]anted Stl‘ipS
25.5 um TITTTCELT | 66.5 um Si0, —— Integrated capacitance
RTLAREAEY RAHRLEY) . e~ First metal layer
Read-out M T 17 um L Insulating layer
& s T | wire bonds ohmic side | Second metal layer
°. “m B OF 08 °F T T % % B 6‘7/11m
R 1018 LLLEL L -
g electrodes ALY | | etectrodes lB Silicon sensors (Hamamatsu):
I EHRHH A HHH * 300 pm, double sided - x & y view
£ A SivAT « AC coupled (no external chips)
@ | hybrid hybrid Y * double metal (no kapton fanout)
v | % * 1024 read-out channels per view
8 x 128 = 1024 channels 8 x 128 = 1024 channels

Spatial resolution:
% * junction side (X): 3 um @0°, <4 pm up to 10°

PaMecla - ohmicside (Y) 8+13 um
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The PAMELA magnet

Magnet elements

Aluminum frame

228 mm
132 mm
_>

Permanent magnet (Nd-Fe-B alloy): A

e 048T@ center | |7 / >

* 0.43 T average along the axis ) |
— Geometric factor 20.5 cm?sr Zz :: o
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The PAMELA tracking system

Mechanical assembly
s aluminum frames

I I

| I

| I

|— ° _| + carbon fibers stiffeners glued laterally to the ladders
:
I

I * no material above/below the plane
c : 1 plane = 0.3% X, - reduced multiple scattering
S| .  elastic + rigid gluing
< I I :
I !
- lh.é
: :
| 1

1

* 0.48 T magnetic field @ center
* ~4 um resolution on the bending direction §
e ~44 cm track-length
—> MDRupto~1TV

p 17 Vannuccini Elena - 1SSS 2017




PAMELA detectors

GF:21.5cm?2sr

Mass: 470 kg
Size: 130x70x70 cm?
Power Budget: 360W

Time-Of-Flight TOF (S (81)
plastic scintillators + PMT: PR \
- Trigger «@: ﬂmn
- Albedo rejection; ¢~ _— ANTICOINCIDENCE
- Mass identification up to 1 GeV;| ~ ™F (52T (CAT)
- Charge identification from dE/dX}. X
Electromagnetic calorimeter WM@H@EN@E N SPECTROMETER
W/Si sampling (16.3 X0, 0.6 Al) e \/m| (e ------ -
- Discrimination e+ / p, anti-p/e N I
(shower topology) TOF (S3) = :
- Direct E measurement for e- I
CALORIMETER
|
Neutron detector |
|
- High-energy e/h discrimination |
|
Spectrometer |
microstrip silicon tracking system + permanent magnet I
It provides: l

- Magnetic rigidity -> R = pclZe
- Charge sign
- Charge value from dE/dx
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The AMS-02 magnet

* Both permanent (Nd-Fe-B alloy) and
superconducting (Ni-Ti) magnets developed.
* Permanent one chosen, in the perspective of long-
duration mission (>3 years)
- 0.15T @ center
- Large cavity Im J x 1m

» 19 Vannuccini Elena - 1SSS 2017



The AMS-02 tracking system

TOF\

we~1

MAGNET

* 0.15 T magnetic field @ center

* ~10 pum resolution on the bending
direction

e ~3 m track-length

—> MDR~2TV
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The AMS-02 detectors

TRD

Identify e+, e- Particles and nuclei are defined by their EOE
charge (Z) and energy (E ~ P) i

___________________________________________

Z, P are measured independently by
the Tracker, RICH, TOF and ECAL
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Modern spectrometer-based experiments

BESS-Polar PAMELA AMS-02
Acceptance m?str 0.3 0.0022 0.3
Vehicle Polar LDB Satellite Space station
Flight duration 8.5+24.5 days ~ 10 years > 7 years
Orbit inclination - 70.40 51.7°
MDR (GV) ~270 ~1000 ~2000
Tracking system Drift chamber Si microstrip Si microstrip
G (um) 140 3 10
L (m) >0.8 0.44 3
N <52 <6 < 6
Magnetic system Superconducting solenoid Permanent Permanent
0.8
(B) (T) 0.43 0.15
Particle identification ToF ToF ToF
Cherenkov TRD
RICH

Imaging calorimeter

Imaging calorimeter

Main scientific objectives

* Low energyp
¢ Antinuclei search

« pande™ up to high energy

« pande™ up to high energy
* Antinuclei search

22
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Antiparticle identification @ high-enerqy (Z=1)

D < > O
?7 //;;;)/
~10%

e ~107?




Antiparticle identification @ high-enerqy (Z=1)

agnetic spectrometer
D < > O
p~10° /




| PAMELA and AMS-02 calorimeters designed to have

Calorime‘cer iden’ciﬁca’cion

* High granularity

* Maximal ratio between X, and

PAMELA AMS-02
Calorimeter W/Si-strip | Pb/Scintillating-fibers
x/y pitch 2.4 mm 1 mm
Longitudinal samplings | 22 18
Depth in X, 16.3 17
Depth in A, 0.6 0.6

Identification criteria based on:

= Shower topology
- Starting point

- Longitudinal containment

- Lateral spread
= Non-compensation

- Energy-rigidity match

25
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TRD identification

Transition Radiation — em radiation emitted !
when a charged particle passes through I
inhomogeneous media: :
= Radiated energy oc y |
= N.photons ~ const |
= Photon detection in X-ray band — y,,~1000 |

20 Layers each existing of:
. 22 mm fibre fleece
. O 6 mm straw tubes

filled with Xe/CO, 80%/20%
\ / |
___________________________________ | Fleece—Radiator
22 mm
.......................................................... !
i
6 mm
'

log (E/|P|)

83.2-100 GeV

ability density “

2 9 i
P b
(STOZ) NY3D 1B sAe@ SNV @ aulunoy|

© o o o o o
i \° ¥ I NG ) |

1 12 14

TRD estimator

P. Doetinchem et al., Nucl.Instrum.Methods A, 558:608641, 2006.

O 20GevVe

O 100GeVp* =107

AMS TRD Prototype X7 Beamtest
single layer

Data (Symbols) vs Geant3" MC (Line)

Ly
SN 15

1=39100
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Antiproton identification

10°.

102,

Events

10°

=0.1

«Spillover»
protons

Antiprotons

€2€ (YT0T) ¥¥S ¥d — °|e 19 luelpy

=0.09 =0.08 -0.07 =0.06 =0.05 =<0.04 =0.03 -0..02 -0.31
Deflection, GV-"
eflection, G 50GV 100GV

Selected particles with h-like pattern in the calorimeter

SPILLOVER!

Real spectrum
Reconstructed spectrum
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Antiproton identification

>

o

=

5

o

15 1
|

= n

10 g T
=

L g

5 S
)

o

2

0 ®
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Antiprotons

107" e T T T TTTTT T T T TTTTT T T T =
Pe#wz{a’
-2 | e —
10 = » T & E_
Z g - . S
= - ihes — 1 =
. - s ] =
E g0 . 4 =
> = — - !
. @ - . v
First S C 3 2
x — —
measurement 3 + 1 9
extending up to § ot | " AWSO 4+ 4 S
° = BESS99 3 O
200 GV s £ | ° 1 5
= - v CAPRICE94 1 2o
C i e  BESS-POLARII + 1 N
Largest energy . 0 CAPRICE® E
range covered 107 = A BESS00 9 P
up to then - ¢  BESS-POLAR04 .
- *  PAMELA .
10'5 ||||| | | I|||||| | | ||||||| | | ||||||| |
107 1 10 10°
kinetic energy [GeV]
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Antiprotons

=
L
I

I 1 PAMELA result

10° = '3 confirmed by AMS-02
~ 7 andextendedin
i 1 energy.

ia10° = —

E ® PAMELA E
- ¢ o nessrimi -

10_5:_ AMS-02 —

P S T T B TTY B

10" 1 10°

E (GeV) °
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Antiprotons

1073

¢ PAMELA 2012
¢ AMS-02 2015

— Fiducial
Uncertainty from: mw  Cross-sections
Propagation
B Primary slopes
0 Solar modulation

GTOZ DY)l Y|ernazioddey 122410 *IN

1 5 10 50 100
Kinetic energy T [GeV]
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Positron identification

17>+l
% 100 | Y9 o | I L.l I | PP D% ] I | L BT I | P50 B I | D) o | l | 270 B I | Do B | I T :' I | P ] l_ >25
0.9 ;
PaMclLa
e 0.8
0.7§

o
3

T (0TOT) ¥E "yd-oJisy — [e 18 lueupy

Fraction of energy along the track, F
£09 (6002) 85 4n1eN — [e 13 luelpy

& |
0 | g2 e T i ES e W B 2
-10 -08 06 04 02 O 0.2 04 06 08 1.0
Deflection (GV-1)

Fraction of energy along the extrapolated trajectory within 0.3 Moliere radii
(sample of pre-selected em-like events)
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Positron identification

250" T T T T T T T T T
- e Data ;& |

C —  Fit ' :

200~ — Positrons -

- Protons i

B #= Charge confusion(e~> e*) R

&8 150 ’ -
q:J - +2/d.f.20.60 i i
> - ]
L 100~ ~
50 —

i i S .
0] 0.2 0.4 0.6 0.8 1 1.2
TRD Estimator (83.2-100 GeV)

Selected negative particles with em-like pattern in
the calorimeter
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Positron fraction

i

First measurement
extending up to 200 GV

Clear evidence for a

deviation from pure
secondary production

34

:o-4 T T TTT T T TTT T T T T TTT
)
=03 _
+
‘o
x
= 0.2~ -
i
2
< Charge 1
0 0.1 g 5 ]
S ~ dependent ‘%‘ 7
© B —
& L solar : *#r -
c . B~
o ~ modulation o 9 , + A 7
h— — —
S Q
o_ -
Moskalenko and Strong, ApJ 493, 694 (1998)
L PAMELA 4
I * Aesop (Clem & Evenson 2007)
O HEAT00
3% AMS
0.02 I v CAPRICES4

A HEAT94+95

¥ 15903

o MASS89

& Muller & Tang 1987

0_01 I N IIIIII | | IIIIII|
1 10 10°
y [GeV]

Secondary production:
------ Moskalenko & Strong 1998 (GALPROP code)
- - - - Delahaye et al. 2010
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Positron fraction

0.35_ T T T T LI I T T T T T T 17T T T T T T 17T I_
- © PAMELA 5
03 « Fermi Q@ ]
C + AMS-02 N
0.25— — PAMELA result confirmed
- it 4 by AMS-02 and extended
k: 0-2:— S  inenergy.
@ — L ]
015~ {,{’% {) % 1 Indication for a
- 5 $ -1 decreasing trend above
0.1~ — 300GV.
© ]
0.05{— —
0: 1 1 1 1 111 I 1 1 1 1 111 II 1 1 1 1 111 I:
1 10 10° 10°
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Flectron & positron individual spectra

T T T T T T T T T 1 T T | T T T T I T I 1
10° —

B |

- [

7] |

o N ® PAMELA

r.,E - ® Fermi -
= o AMS-02

@D

g 10-® o _
o — ]
x F °® _oo00000 °000 51
= — Oo

2 T o® :

| O o et _
| o _
Q
1 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1
1 10 10°
E (GeV)
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Fle c’crons & posﬂcrons

";‘250 [ ™ T T
_ INDF= 60/64 :
¢ [* Electro ]
 200| —
G i
E 10| ~ Source Term ]
& I : . Measurement of individual spectra
W 100 - confirms the positron excess:
E Diffuse Term S . _
o . Proposed interpretations:
0: ! L Lo L [T I L Lol |
1 10 100 E[Gey] 1000 Dark matter
T 1 B S = |epton vs hadron yield must be consistent
2 T F X/NDF= 57/64 _ - L .
© °C ] with p observations
» 20— Positron .
G ] Astrophysical processes
E B . = known processes (eg. pulsars)
s L ] = |arge uncertainties on environmental
S 0 Source Term
oo parameters
5— . ]
C Diffuse Term .
C N N ]

1 10 100 [Gey] 1000
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Antinuclei

18
sEdE/dX
14
12;—
10;—
8
6
4E
2=
- — 52
1/Rigidity [1/GV]
lity |
10°
<L After all
: selection

[Gv]

10° —
No He -14GV
candidate

YT0Z U0IINBPNUY @ 1jeses

7 B e
BESS-Polar Il

)

Antihelium/helium flux ratio

107

10°°

107

Abe et al PRL 131301 (2012)

T T T TTTIT

T T TTTIT

T T T TT1T0T

T

T IIIHII

|

l[ll |

TT
g
®
c
3
—
—
©
a
B
(2]
~
N

Badhwar et al. (1978) BESS-TeV

Golden et al. (1997)

Buffington et al. (1981)

[BESS '95] J. F. Ormes et al. (1997)

[BESS '93 '94 '95] T. Saeki et al. (1998)

[AMS] J. Alcaraz et al. (1999)

[BESS '93 - '00] M. Sasaki et al. (2002)
BESS-Polar |

PAMELA

BESS-Polar I

ALL BESS Results

IIIHHI | llllllll 1 1 1111

1 10

10?
Rigidity [GV]
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Antinuclei

Giant space magnet may have trapped antihelium,
raising idea of lingering pools of antimatter in the
COSMOosS

By Joshua Sokol | Apr. 19,2017, 3:45PM
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T Illllll[ T IIIIIIII T T TTTTIT T T TTTTIT

T

—
o
F~Y
v&
B
3!
Dyl
14
ol
s
e
o3

Illllll

tiesio © 2 2 ¢
First high-statistics and i
high-precision -
measurement over three ]

decadesin energy

Flux x E*’ (m?s sr GeV/n )™ x (GeV/n)*’

G209 (TTOZ) TEE - P2UBIDS - *|e 13 lueupy

e
10° x 5 RTE 3
o ‘ ]
Low energy I ]
—> minimum solar activity . | 1]
((I) — 4504550 GV) .g ¢ IMAX (1992) A CAPRICE (1994)

’ = .g [ CAPRICE (1998) & AMS (1998) -

%‘} O ATIC-2(2007) %  BESS (2002)

High_energy (>3OGV) ) ‘.4 %  CREAM (2004-2006) v JACEE (1994)
10 E 4 RUNJOB (1995-1999) ®  PAMELA .
9 a Complex StrUCtu re Of ‘i PAMELA systematic error band :
the spectra emerges... NIRRT BRI B R TTT| R R R

1 10 10? 10° 10*

E (GeV/n)
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4.5

- = Excellent agreement
between PAMELA and
AMS-02 results, within 2%

= Significant hardening above
230 GV for both H and He.

= Consistent with high-

energy calorimetric

® AMS-02data measurements

® CREAM data
O PAMELA data

Log,, [Flux E*" /(m?sr' s" (Gevin)'")]

50 = Possible explanations:
T @ i i pa 55 A s - Source effect (multi-
population, non-linear DSA)

Log,, [Kinetic Energy / (eV n™)] - Propagation effect
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H spectrum

Clear evidence of a spectral hardening above ~200GV

><'1|03 R A i
Proton 14 '_(a) . AMS-02
— Fit to Eq. (3)
T T T TTTITT L 13 H[”HHHHH“H{ ----- Eq. (3) with Ay=0
b

L T

IIIIIIIIIIIIIIIIIIIIIIIII

.
My
H*Hﬂ "
by

f-ﬂ:H'\- _’-

Flux x R%*7 (m?s sr GV)"'GV?7
~2.7 .
FluxxR" [m?sr'sec’ GV'7]
—
—

—_
N
_IIIIIIIIIIIIIIIIIIIIIIII'I'_[_IIIIIIII

-2.5
-2.55
-2.6
-2.65
-2.7
-2.75
-2.8
-2.85

2eblo
10 10? 10° 10 102 10°

R(QV) Rigidity [GV]

104

|
Spectral Index
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Spectrometer systematic uncertaint

\ . é B 5 . e o e e o e e e e . g

; l 0.045 = normalized e” distribution =
{ { ! : E 3
*—‘i—f : 0.04 = normalized e distribution =
0.035- Kolmogorov probability = 0.85 =
! _o— E 3
--------- —.y—l— ;— —;’
Ansys ] =

= Due to possible residual distortion of the
tracking system

Ea 7 ’ Ecal(l"'gsys)' ‘ntrk-l_Ansys

= Evaluated from electron/positron data by ooast. ————————— ‘
. . ' — normalized e" distribution
comparing the spectrometer momentum with  00sE | mizeae dsuuon
the Calorimeter energy 0.035 Kolmogorov probability = 3.1 10°*
0.03F- deflection shift 10~ GV

= Upper limit set by positron statistics:

e

o

N

wn
lIIIIllIl[llII[lllI[llllllllllllllllllllllllllll

0.02 ) .
A ~1O_4GV_1 A systematic deflection
nsys 0015E™ ¢hift causes an offset
001 petween e- and e+
= Dominates the error on H and He fluxes at 0.005E- distribution
0

h |gh energy 0 0.2 0.4 0.6 0.8 1 12 P‘: 'IAE
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H/He vs rigidity

Systematic uncertainties partly

10 T T T LI T T T LI T T T LI T .
= cancel out at high energy
9 —
o 4 = Solar modulation negligible
= 1 - information about IS spectra
= Y — -
= - ~a - down to GV region
o T~ 3
£ E A .
T _E v\ 1 = Propagation effects small above
S v
- > '3 ~100GV
4 98 - : :
= * PAMELA \ °? °© o 3 - information about source spectra
3:_ ® BESS-Polarl \ / _:
= ®  BESS-Polarll N RA=
= AMS-02 S _}- 3 - Different slope for H and He
: 1 1 1 111 Ill 1 1 1 11 llll 1 1 1 L1 lllI 1 : . . .
11 ‘o o e = No indication of spectral features

RIGY)  3bove 10 GV
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H and He isotopes

Multiple energy deposits from 7?.

= B from ToF Z=1] calorimeter g
o s < 06 eld
12— z g L
C -
L © 0.5—
- 2
C = T
C 107 e .,0
0.8— § 0ap
C 2 C
— L |-
0.6~ 0.3
0.4 - 10 ool
0.2[ R :
r 01
2, | . >
0||I:'|||||‘||||AJ|||11||||l‘||| 1 e b v b b v b v b by Ly 1
o 15 25 3 0 . 4
Rigidity (GV) Rigidity (GV)
(.=} =
121 E 22t 10?
C c 2
C S F
1= = 18
C 3 F
0.8 § o 10
r =1 -
C £ e
0.6— 12—
C 1:_
0.4 E
C 0.8 1
Cs, E
o.z;“e 0.6
b | | | | | 0'4:_
09 0.5 1 1 25 3 1 0 i } 4
Rigidity (GV) Rigidity (GV)

Reduntant identification cababilities
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H and He isotopes

~ [ s [
> [0) "
§ w :"Mﬁﬁ% O T T
- E ~ b = _.'—_*f—'-:;:_,_Hmm
3 C T o 102 | = *""‘wo« P e
o - ®  PAMELA NE F T =
E r ®  BESS9 T g
X e o AMSO1 5 L
C H L * — ‘ - s
= % ®  PAMELA e _
T 10 L “He o  BESS93 T
10 E °  AmMsO1
C : . . M| C . . . ) M |
0.1 02 03 04 05 06 07 0809 1 2 0.1 0.2 03 04 05 06 07 08 09 1
o)
C ‘,I 0.25
s . ®  PAMELA ~ C
~ 005— . BESS-93 0] -
NI E o AuSO1 mI 02—
0.04:— C
F 0.15_—
0.03j -
002~ o1l—
N C ®  PAMELA
oot C ®  BESS93
u oos— o AuMsO1
C . . . | C . . . . R |
%J 02 03 04 05 06 07 0809 1 2 0.1 0.2 03 04 05 06 07 08 09 1
E (GeV/IN) E (GeV/N)

Parameter constraint competitve/complementary to B/C measurement with
current instrument precision
Probe different Z/A regime — test «universality» of propagation
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GCR nuclei identification

Charge Resolution
for Z=6 (c.u.)

Tracker Plane 1 0.30
TRD 0.33
Upper TOF 0.16

Tracker Planes 2-8 0.12

Lower TOF 0.16
RICH 0.32

Tracker Plane 9 0.30

Entries

= Multiple dE/dx measurements (o< Z2)
= Large dynamic — elementidentification up to Ni
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Secondary GCRs

0.4 (rreer
0.3 %;M o
0.2} " 1z

0" ‘_?‘_“.
D
_ o C2/HEAO3 de
% 0.1 = [ Webber et al. In} - 13
" A CRN/Spacelab2 1 """" ] =
[ o AMSO1 A 43
o ATIC02 —
0.05F . cream 12
0.04 F . TRACER 12
o PAMELA .
0.03F , Awso2 i
0.02 .nnnnl 2 2 n..nnl 2 28 llllll a2 2 8 n..nl 2

1 10 102 10°
E, [GeV/n]

B/C provides the strongest constraint to propagation parameters so far
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The near future

AMS-02 still in orbit, hopefully until
2024

» High statistic measurements
Antinuclei
Anisotropies

Flux of nuclei up to Fe

\antiparticle
Plastic Scintillator

Independent approach to anti-nuclei

search — GAPS N —

» General Anti-Particle Spectrometer ' - /
Low energy p measurement and D N g
search A

. D Lo :
Detection of the annihilation star B
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Next generation spectrometers

TITANIUM cladding

19 MgB, filaments

Must relay on superconducting magnets

ALADINO magnetic spectrometer @Columbus
» Toroidal superconducting magnet

10 coils wound with high-temperatur
(10s°K) superconductor (MgB,)

(B) ~ 0.8 T average magnetic field
» Microstrip silicon tracking system
4 layer with O(um) spatial resolution

» MDR~20TV

(e}

—

o

B[T] N
Q

- 3 -
o

Q

l 2.5 £
A

? ®
1.5 >
[N}

1 <
o

«+- 0.5 35
£

o, 3
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Expected performances

PAMELA/AMS02 — MDR~1TV

T T T T LLE(-‘ T T T TTTTIT T T T TTTTIT T T TTTTTTT T T T TTTIT
03 Slggél — : 37273 mpMm = 9.4 TeV DM DM » W*W"™
T AMs02 e, My=3TEV ot Ibe 2016 | | gv =102 enss Cirelli 2015
v 2 T | e -3 Ei irell
0.2 E’AMELA f——i Lt : | 10 :Eln, MAX
Fermi +-=—- f Pl . C
- HEAT -~ IR N Bkgd
2 AMS-01 s L)Lz I ALADINO
< H . 3 |
E 0.1 H ] Bkgd + DM ¢
: . L
"g b : ' : B i t } i
X 1 0 i 1€
= : i ALADINO | =
003 b | e —> | B
‘a) [
0.02 P | " . P T " " o B
10 100 1004 B

e* Energy [GeV]

MDR~20TV > e*andpupto5TeV ! | [ *™E2A° ol o v o ds
1

10 102 10° 10*
Kinetic energy Tp [GeV]

* Examples of contribution to e* and p CR abundance from DM annihilation
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Conclusions

Magnetic spectrometers are powerful tools to study GCRs
Precise energy measurement over a wide range
Possibility to determine the charge sign — antimatter!

Last generation of spaceborne spectrometers (PAMELA & AMS-02) took
advantage of microstrip-Si technology
Precise measurements of all GCRs performed up to O(TV) MDR
Results challenge the standard paradigm of GCR origin
Positron excess
Unexpected features in the H and He spectra (and maybe heavier nuclei)
Hints of p excess at high energy
Possible first detection of antinuclei
Significant progress in understanding galactic phenomena

Next generation of spectrometers must rely on developments of high-
temperature superconductor technology

—» O(10 TV) MDR !!!
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