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Cosmic

Rays

discovery, composition, spectra, rates
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Cosmic rays : historical background

Before 1900 : the spontaneously ionization of air

Crookes (1879) : showed that an electrically charged object
in a sealed container air-filled gradually looses its charge !

charge is retained if no air exists (vacuum)
1896 : the discovery of the radioactivity by Becquerel
This could explain the spontaneous discharge... !

1900-1910 : many observations were made ; among them
Pacini, an italian metereologist, point evidences that
ionization could have an origin independent of the direct
action of radioactive substances contained in the upper
layers of the earth crust.

Pacini’s estimate of the excess ionization : 2 ion pairs /cm?/s
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The hypothesis of the earth surface radioactivity as ionization
source suggested that measurements could be made in altitude.

one should detect a decrease in the intensity on this radiation
and therefore an ionization decrease would be expected...

Jesuit priest Theodor Wulf (1910) : improved the electroscope
replacing the gold leaves with two slender metal wires whose
separation was measured with a microscope and carried it to
the top of the Eiffel Tower (330 meters)

Datum ' Ot ‘%m; Measured ionization rate
'_‘;_‘;g;,_i“v',,‘kem,g _____ " . | 225 atthe Tower summit

X n R e .o uo o | B 15713 ions/cels
Soapa | omoomo o8 | ids 3.5 after bek subtraction
= " Bodmm . . . ... ks = 60% reduction

& Valkenburg . . . . . . . 22,0

Daraus ergeben sich als Mittelwerte fiir die a small decrease when

b — compared with the Wulf
WK = v <.n 32,25 com-sec predictions
Paris Bodén. . ... 180 1%
Paris Eiffelturm .. 157 - ., 0
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Gockel, 1909-1911 : swiss physicist flew electrometers on balloon
flights to 2500 and 2800m

no significant variation of the ionization rate recorded
Hess, 1911-1912 : austrian physicist made several ballloon flights

last flight took place on 7 August 1912 in a hydrogen-filled balloon.
It lasted 6 hours and reached the altitude of 5350m.

three Wulf electrometers carried, 2 at atmospheric pressure and
one opened

Balloon *“Béhmen” (1680 cbm hydrogen) Leader: Captain W. Hoffory.
Meteorological observer: E. Wolf. Electr. observer: V. F. Hess
Observed radiation
Mean height
Inst. Inst. Inst. 3 Rel.
abs. rel. 1 2 —_— humidity
No. Time m m q, @ A red. ¢; Temp. %
1 15" 15-16"15 156 1] 17.3 12.9 = 1} days before
2 16" 15-17"15 156 0 159 110 18.4 la,t} the ascent
3 17%15-18" 15 156 [ 15.8 112 175 17.5 (in Vienna)
4 6"45- 7"45 1700 1400 15.8 144 211 25.3 + 64" 60
5 Th45- 8" 45 2750 2500 17.3 123 225 3.2 + 14 41
6 8" 45- 945 3850 3600 19.8 16.5 21.8 352 —6.8 64
7 oM 45-10"45 4800 4700 40.7 318 (ended by accident) —98 40
(4400-5350)
8 10"45-11"15 4400 4200 28.1 2.7
9 11" 15-11"45 1300 1200 9.7 11.5
10 11%45-12" 10 250 150 11.9 107 + 16.0° 68

11 12%25-13"12 140 0 15.0 11.6 (After landing at Pieskow, Brandenburg)




Gockel, 1909-1911 : swiss physicist flew electrometers on balloon

flights to 2500 and 2800m

no significant variation of the ionization rate recorded

Hess, 1911-1912 : austrian physicist made several ballloon flights

last flight took place on 7 August 1912 in a hydrogen-filled balloon.

It lasted 6 hours and reached the altitude of 5350m.
three Wulf electrometers carried, 2 at atmospheric pressure and
one opened

Balloon “Béhmen” (1680 cbm hydrogen)
Meteorological observer: E. Wolf.

Leader: Captain W. Hoffory.
Electr. observer: V. F. Hess
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1 1225-13 12 140 0 15.0 116 (After landing at Pieskow, Brandenburg)

Gockel, 1909-1911 : swiss physicist flew electrometers on balloon

flights to 2500 and 2800m

no significant variation of the ionization rate recorded

Hess, 1911-1912 : austrian physicist made several ballloon flights

last flight took place on 7 August 1912 in a hydrogen-filled balloon.

It lasted 6 hours and reached the altitude of 5350m.
three Wulf electrometers carried, 2 at atmospheric pressure and
one opened

Balloon *“Béhmen” (1680 cbm hydrogen)
Meteorological observer: E. Wolf.

Leader: Captain W. Hoffory.
Electr. observer: V. F. Hess
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Carl Anderson, 1932 : finding the positron...

v’ Detector : cloud chamber and a high magnetic
field (B ~ 2.5 T

v’ charged particles are defleclted on the
magnetic field depending on their charge sign

Lorentz force : F = +q U X B

v’ the particle momentum can be measured from
the track curvature

Carl Anderson, 1932 : finding the positron...

v’ Detector : cloud chamber and a high magnetic
field (B ~ 2.5 T)

v’ charged particles are defleclted on the
magnetic field depending on their charge sign

Lorentz force : FF = +q ¢ x B

v’ the particle momentum can be measured from
the track curvature

What was expected to observe ?
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v Millikan was convinced that the primary cosmic rays were high energy

photons !

v’ one would expect to see Compton electrons (photons interact with the

electrons of the atom and eject them)



Cosmic rays : positron (¢*) discovery

Carl Anderson, 1932 : finding the positron...

v’ Detector : cloud chamber and a high magnetic
field (B ~ 2.5 T

v’ charged particles are defleclted on the
magnetic field depending on their charge sign

Lorentz force : F = +q @ x B

v’ the particle momentum can be measured from e e e e
the track curvature

What was expected to observe ?

v Millikan was convinced that the primary cosmic rays were high energy
photons !

v one would expect to see Compton electrons (photons interact with the
electrons of the atom and eject them)

...but positive and negative tracks were observed !
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Cosmic rays : positron (¢ ) discovery
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positron identification : A

v the positron and proton curvature were similar (both
are positive particles)

v’ for similar curvature particles (same momentum!)
the energy deposited by the slowest particles
(proton) is larger

dE/dz x 1/8% [1 + (%)2}

proton tracks shall be thicker as the density of

droplets is larger



Cosmic rays : positron (¢ ) discovery

positron identification

v the positron and proton curvature were similar (both
are positive particles)

v for similar curvature particles (same momentum !)
the energy deposited by the slowest particles
(proton) is larger

dE/dz oc 1/52% [1 n (%)2]

proton tracks shall be thicker as the density of
droplets is larger

v negative tracks from below and positive particle
entering from above have similar curvature
Anderson inserted a lead plate in the cloud chamber
to distinguish particle direction !

Cosmic rays : positron (¢*) discovery

positron identification
v the positron and proton curvature were similar (both
are positive particles)

v’ for similar curvature particles (same momentum!)
the energy deposited by the slowest particles
(proton) is larger

dE/dx x 1/ o [1 4 (%)Q]

proton tracks shall be thicker as the density of
droplets is larger

v’ negative tracks from below and positive particle
entering from above have similar curvature
Anderson inserted a lead plate in the cloud chamber
to distinguish particle direction !



positron identification

v the positron and proton curvature were similar (both
are positive particles)

v for similar curvature particles (same momentum!)
the energy deposited by the slowest particles
(proton) is larger

dE/dz o 1/8% [1 + (%)2}

proton tracks shall be thicker as the density of
droplets is larger

v’ negative tracks from below and positive particle
entering from above have similar curvature
Anderson inserted a lead plate in the cloud chamber
to distinguish particle direction !

Cosmic rays : positron (¢*) disco
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The Positive Electron

CARL D. ANDERSON,
California Institute of Technology, Pasadena, California
(Received February 28, 1933)
Abstract
Out of a group of 1300 photographs o
tical Wilson chamber 15 tracks were of

concluded thai the
tly equal to, that of the

arge the curvatures and
the

It had : track thickness compatible with a positron (electron) and it was
entering from above ! So it was a positive electron!

IDPASC - Annecy, 22-26 July 2013

A very interesting probe...

v’ evidence of very powerful
astrophysical accelerators
their energy spans over ~ 20
orders of magnitude

provides information about the
cosmic environment

halo size, heliosphere and
magnetosphere

can indirectly probe the dark
matter nature

v’ probe primordial antimatter
(antinuclei!)

v’ ...and other new physics !

Cosmic rays : what are they ?
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Cosmic rays : what are they ?

A very interesting probe...
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halo size, heliosphere and €0/ /GeV
magnetosphere CRs abundance @ 10 GeV
v’ can indirectly probe the dark protons 88%

matter nature helium 10%
1%
positrons 0.1%

v probe primordial antimatter electrons

(antinuclei ) gammas  0.01%
. 0

v ...and other new physics ! antiprotons  0.001%
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Cosmic rays : abundances

T T T
« Cosmic Rays (arriving)
— Solar System (Lodders 2003)
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Relative Abundance
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Atomic Number, Z

similar features on solar and cosmic
rays abundances

similar nucleosynthesis processes

some elements result from CRs
interactions with the interstellar
medium (spallation)

(Li,Be,B) on CRs from C,O spallation
(Sc,V,Mn) on CRs from Fe spallation

synthesis of elements havier than Iron
steeps down
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Kinetic energy per particle (nucleus) [GeV]

Cosmic rays : detection

earth atmosphere represents a
thickness of

t= [, p(z)dz ~ 1000 g.cm ™2
11.5 nuclear interactions lengths
28 radiation lengths

primary cosmic rays will undergo
nuclear and electromagntic
interactions, producing a lot of
secondary particles : pions, kaons,
neutrons, electrons, muons, photon:
neutrinos,...

F.Barao (10)
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Victor Hess, 1912 9
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Cosmic rays : detection

Detection of
primary cosmic rays
require detectors to be
installed

ISS
above atmosphere !
Atmospheric Overburden km Above
g’ Xo Ao Sea Level
v earth atmosphere represents a T 0277 Ol 484
thickness of 5 Zero Pressure Balloon
t= [, p(z)dz ~ 1000 g.cm
11.5 nuclear interactions lengths
28 radiation lengths 10p a7y . WestherBalloon 20+
v’ primary cosmic rays will undergo _ . _ k
nuclear and electromagntic Dises MOsmumAg 25X,
interactions, prgducmg a lot of wil g3l el .
secondary particles : pions, kaons, RADAT
neutrons, electrons, muons, photon: Victor Hess, 1912 Hemer K‘émm
neutrinos,... 9 oy
10004 2734 111 = J104
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Cosmic rays : direct detection

direct detection of primary cosmic rays
implies the transport of detectors to at least
30 km from earth

beginning of 1930’s very short flights on
balloon (< 1h) could reach 30 Km

Vernov, 1934 : Geiger-Muller counters in
coincidence



Cosmic rays : direct detection

v direct detection of primary cosmic rays TP T
implies the transport of detectors to at least - ulmm T
30 km from earth T/ s :&':.’I:S"‘""
v beginning of 1930’s very short flights on ’T \ : e,
balloon (< 1h) could reach 30 Km AR
Vernov, 1934 : Geiger-Muller counters in é }! S e + i
coincidence ) Tyt e
. _ 7 primary cosmic rays! —
v 1948 : V2 rocket instrumented with ¥ [ | | |
Geiger-Mullet counters made a ballistic * Kolhoerster’s Balloon s oo wx v
flight
first cosmic ray intensity profiles measured

until 150 Km

Cosmic rays : direct detection

v direct detection of primary cosmic rays T Py
implies the transport of detectors to at least = Jm T
30 km from earth T 1A sk :&':.’I:S"‘""
v beginning of 1930’s very short flights on ’T \ : e,
balloon (< 1h) could reach 30 Km RN :
Vernov, 1934 : Geiger-Muller counters in é fl N — r— . #gf;—
coincidence : S T
7 primary cosmic rays! —
v 1948 : V2 rocket instrumented with ¥ ] | | ]
Geiger-Mullet counters made a ballistic * Kolhoerster's Balloon "R swo s v - o2
flight

first cosmic ray intensity profiles measured
until 150 Km

"Zero-Pressure" balloons developed in the
late 1940’s could carry several tons
detectors to altitudes of 30 to 45 Km

few days flight

v’ long-duration balloon flights
several weeks flight
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Geomagnetic
Field

configuration, implications
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the earth has a magnetic field - geomagnetic field

the zone of influence is called the magnetosphere

v main source : inside earth, there are
electrical currents related to the rotating
metallic nucleus

v/ outer sources : ionosphere currents, ring
current (charged particles trapped in
radiation belts)

as a first approximation it can be represented
by a magnetic dipole

v the geomagnetic equator is tilted 11.5° wrt
geographic equator

v’ not centered with earth (eccentric dipole)

more complete model
IGRF + magnetospheric field model
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Geomagnetic field : dipolar approx

potencial vector . e

e)\\./

earth dipolar moment
M = 7.7310%% A.m? (2013)

magnetlc field
— VX A= “—M3 (cos Aé) — 2sin Aé,)

meridian
plane

Bo M. /1 4 3gin? \

4 r3

B| = &

Geomagnetic field : dipolar approx

potencial vector
A= ’““’Ifc == T

4 r2
earth dipolar moment A, D)
M = 7.73 1022 A.m? (2013) y
magnetlc field me;dian
B=VxA= ”—M3 (cos Aé\ — 2sin Aé).) plane
B| = Z’—MS 1+ 3sin? )
B at the ISS

r = Rg + 400 Km
B = 264/1 4 3sin® \ [uT]
= 0.261/1 + 3sin” A [G]

at 370.0 km

)

B [Gauss
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Geomagnetic field : particle motion

equatorial field (A = 0)

— Ko M
B_47TT‘3

particle trajectory and orbit
zvB

momentum corresponding to orbit Ry

oy e (1077 = T

E

J—GeV

Geomagnetic field : particle motion

equatorial field (A = 0)

_mM
B_47r7“3

particle trajectory and orbit

2B = ym*- L -2 _ p 1dn
Ho M ze M o

momentum corresponding to orbit R
Ko ze 10_9
PE = EM@ CT =57z [GGV/C]

J—=GeV

particles with rigidities larger than 57 GV
have orbits radius larger than Rz and
are therefore relatively unaffected by the rigidity P
geomagnetic field Pp = PEZ =57 GV
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Geomagnetic field : rigidity cutoff

The rigidity cutoff is the minimal rigidity of a particle coming from infinity
which can reach an observer in a point P(r, A\, ®) and having a velocity v
it measures the shielding provided by the earth’s magnetic field

The trajectory of particles moving in the earth’s magnetic field were initiated
by C. Stormer (1930’s) to understand the polar aurora phenomenon

Lorentz equation spherical coordinates
2_23 = ymad position : ¥ = re,
velocity : 77 = re,. + \réy + r® cos \ép

ﬁB — zeix B (v const)

Geomagnetic field : rigidity cutoff

The rigidity cutoff is the minimal rigidity of a particle coming from infinity
which can reach an observer in a point P(r, A\, ®) and having a velocity v
it measures the shielding provided by the earth’s magnetic field

The trajectory of particles moving in the earth’s magnetic field were initiated
by C. Stormer (1930’s) to understand the polar aurora phenomenon

Lorentz equation spherical coordinates
& = yma position : 7= ré&, |
Fs = zeix B (v const) velocity : 77 = re,. + Aréx + r® cos Aes

4

a, T —2sin A\

¥ m ax =0 % rA X cos A
r cos AP 0

as ps is a constant of the motion and using stormer "length" unit
ls:\/g—g%],onedefines p=r/s= g/ P/Pg: X

2
coshcosa + =LA — || cosal =
lz| p

C Z Ccos A\ <1

pcos A |z] p2
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Geomagnetic field : rigidity cutoff

v’ Using the allowed trajectories condition C' = 2, one can solve the previous
equation and get the minimal adimensional distance p.()\, «)

2
v this can be translated to rigidity : P. = Pg (RTE) p2, where Py =57 GV
(2013 dipole) is the particle rigidity providing a curvature radius equal to Rg

b _p Re\?2 cos* \
e TR 1/2772
[1—{— (1— £ cos o cos3 >\) }

[z

Geomagnetic field : rigidity cutoff

v Using the allowed trajectories condition C' = 2, one can solve the previous
equation and get the minimal adimensional distance p.()\, «)

2
v this can be translated to rigidity : P. = Pg (RTE) p2, where Pp =57 GV
(2013 dipole) is the particle rigidity providing a curvature radius equal to Rg

:\ L ‘ LI ‘ LI ‘ T ‘ T ‘ LI ‘ T ‘ LI ‘ L \:

P (RE ) 2 cos? A F Reut (GV) vs EW Angle (°)]

c — E - 2 E

1/2 - 1

" [1 + (1 — ﬁ cos a cos3 )\) / } 45: M=7.73 162 A m? B

40} h=400Km -

35f mag lat (\)|

east-west effect at earth (for - particles) i —0° 1

30f- ~20° =

equatorial plane : A = 0 - —30° .
arriving from eastern horizon (« = 0) : P. = Pg 25;

arriving from western horizon (o« = 180) : P, ~ Pg /6 20:

more positive particles arrive from W than from E! i
15}

Neast — < Pc(Oé = O) >1_2.7 ~ 671'7 ~ 1/20 E
Nuyest P.(a = 180) 10

;\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\\\\\\;

0 20 40 60 80 100 120 140 160 180
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the nature of cosmic ray

v Until the end of 1920s was not N T = |
clear if cosmic rays were LR \ -\;}% %Vw JQ ,
charged or neutral (v rays W A A< - SN~ S -

arti?:les s 02\\\@;:3@ L s
par T = e
Millikan and Compton dispute ! g or T

the nature of cosmic ray

v Until the end of 1920s was not PN e
clear if cosmic rays were o ,,\ -\;}% Z%M JO
charged or neutral (v rays W AT A< - SN - S -

fohon rrays) e \ag
P i | Hoee ] \ﬁ‘/ﬁ\/’g i(ﬁ
Millikan and Compton dispute ! y h o g

The geomagnetic effect in cosmic rays was
observed in 1927 by J. Clay, using an ionization
chamber when travelling from Java island to
Holland (Slamat ship)

v In 1932, Compton organized eight expeditions for
cosmic ray intensity measurements at several
locations (latitude and longitude different)

a clear dependence with the latitude was
observed providing the charged nature of the
cosmic rays !

IDPASC - Annecy, 22-26 July 2013
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AMSO02 proton rates

v AMS is installed in the
International Space Station and
orbiting around earth
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AMSO02 proton rates
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International Space Station and
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v/ measuring particle rates

Rates vs Rigidity depending on Geomag Lat(6,,)
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Solar
Modulation

sun activity, flares, propagation

IDPASC - Annecy, 22-26 July 2013 F.Barao (21)

v A region of space influenced by the sun
and its expanding Corona : solar wind

» size : 100-150 AU

v A magnetic cavity in the interstellar wind
influenced by :

» solar wind

» solar magnetic field

v The heliospheric Termination Shock (TS)
and heliosheath are the interfaces of the
heliosphere with the surrounding
interstellar medium

|

INTERSTELLAR

—-—

WIND
-—

SHOCK TERMINATING

v
. THE REGION OF SUPERSONIC _ =~
v Voyager 1,2 are currently exploring the soumwmo T MTESTELLR
heliosheath (between TS and
heliopause)
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v’ A continuous flow of charged particles
from SUN with velocities around 400

Km/s
» mainly composed of electrons and eclipse
protons 1991

» flux ~ 10" particles/m?.s

» first continuous observation made by
Marina 2 spacecraft (1962) . Speed (km )

» detailed measured by the spacecraft
Ulysses (three orbits)

v At solar minimum (1995) solar wind
faster on poles than in equator obs (fig)

Around 4 days to reach Earth (1 AU)

Carries the sun magnetic field to the
interplanetary space

N X
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v The SUN rotates with a period of
~ 27.27 days (Carrington rotation -
started on Nov 9, 1853)

v The magnetic field at the solar magnetic
poles approximates that of a dipole

v Theres exist a progressive offset
between the SUN magnetic and
rotational axes as the SUN activity goes
from minimum to maximum

» near solar maximum the magnetic field
assumes a much more complicated g y
structure e mw

v There exist a a reversal of the magnetic
field polarity every 11 years at solar
maximum

» polarity +, field lines outward on North

ana inwara on south
IDPASC - Annecy, 22-26 July 2013 F.Barao (24)



Solar activity indicators

Neutron monitors

Top of the atmosphere
Pmt lldeswth an

v primary cosmic rays (protons) interact with the atmosphere
and produce secondary neutrons

v’ the neutron component is measured by neutron monitors at
different geographical altitudes and latitudes
different geomagnetic cutoffs

v detection by proportional tubes surrounded respectively by
high-Z (lead) and low-Z (polyethylene) materials to amplify
secondary neutron component and shield background
radioactivity
v measurement of the neutron rate provides information of CR intensity variation

opN __SUNSPOT AREA IN EQUAL AREA LATITUDE STRIPS (% OF STRIP AREA) u>00% E>01% _>1.0%

Sunspots

v’ the number of sun dark spots (cooler than
surrounding photosphere) monitors the Sun

. . N 1880 1890 1900 1910 1920 1930 DLX4T0E 1950 1960 1970 1980
activity

can be as large as 10° Km

AVERAGE DAILY SUNSPOT AREA (% OF VISIBLE HEMISPHERE)

v 11 year periodicity

v solar cycle : from a sunspot minimum 10 the ek . o L
next one (1st solar cycle : 1755-1766)

IDPASC - Annecy, 22-26 July 2013 F.Barao (25)

Solar cycles
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Solar flares

A solar flare is a localized explosive release of
energy that appears as a sudden, shortlived
brightening of an area in the chromosphere

» release of electromagnetic radiation and
energetic particles

» solar brilliance usually measured in optical and
X-rays

Classified according to the energy released
X-ray (1-8 Angst) index

E [ergs/cm?.s]

C=10"3 | M=10"2 | X =101

Forbush decrease : cosmic rays flux present a fast
decrease (March 2012, NM flux varied of ~ 10%)
followed by a recovering periof of ~ 5 days

» although more common near solar maximum,
occur through all the solar cycle

Solar flares visible on 2012 : Jan 27 (X1.7), March
7 (X5.4), July 12 (X1.4),

IDPASC - Annecy, 22-26 July 2013
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Cosmic Ray

Detection

AMS detector principles

IDPASC - Annecy, 22-26 July 2013 F.Barao (29)

CRs detection on space

Cosmic Ray Fluxes (r%sr'l st GeVl)

v cosmic rays (mostly protons) detection on spaceis 1 : S e
. . 103% 3 .
feasible up to TeV’s energies 102 210
q . L &
» cosmic ray flux decreases steeply with energy "1’ 9 q
~ F—2.7 ol Tz
(&~ E~=) 122 g o
v akey issue on their detection is its identification 1070 -
(’77p7ﬁ7ei’he7"‘) :g'?
v a detector on space capabilities : 10 7 :
10
» fast trigger events (event rate depends on 10 ¢
9

geomagnetic detector position) 10"

» electric charge

» velocity

> rigidity (Rig = 2~) and energy

v carried by satellites (ISS) or balloons

» Explorer-l (1958) carried the 1st CR detector
(Geiger counter)

» Van Allen belts discovered

IDPASC - Annecy, 22-26 July 2013 F.Barao (30)



— AMS on ISS : a long journey...

Shuttle flights per year

2 flights up to
shuttle retirement

L] [ |_|

'96 '97 '98 '99 '00 '01 '02 '03 '04 '05 '06 '07 '08 09 10 11

1

STS-91 flight (Jun 98) ey

BESS-POLAR (2004, 2007-08) FERMI (June 2008)

IDPASC - Annecy, 22-26 July 2013 F.Barao (31)

AMSO02 detector

v’ detector installed on the :
International Space Station
the 19 May 2011

v’ orbiting around earth at
around 400 Km of altitude
orbit ~ 90 min long

around 40 million events
gathered/day

~ 100 GBytes to transfer
every day at 10 Mb/s through
relay satellites (TDRS)

v 16 10? triggers/year
35 TBytes of raw data

36 billions of events collected
till now (Jul 2013)

IDPASC - Annecy, 22-26 July 2013 F.Barao (32)



The Alpha Magnetic Spectrometer

on the International Space Station

M
il s | %
;. ;*&'F_!‘::!LT:___ 9 g -!--.

IDPASC - Annecy, 22-26 July 2013

v 4 scintillator planes (around 1.4 m?) A TR

v atotal of 34 paddles/counters large of 12

cm and overlaying 0.5 cm
plane  counters  PMTs

1 8 36
2 8 32
3 10 40
4 8 36

v light guides twisted/bended to minimize
magnetic field effects

v 2/3 PMT’s for light readout at both ends

F.Barao (33)



Time-of-Flight (TOF)

AMS 1T PLANE X-Y UPPER TOF

v 4 scintillator planes (around 1.4 m?)

v atotal of 34 paddles/counters large of 12

cm and overlaying 0.5 cm
plane  counters  PMTs

1 8 36 _
2 8 32 .
3 10 40

8 36
v light guides twisted/bended to minimize
magnetic field effects

v 2/3 PMT'’s for light readout at both ends

v fast trigger (3 x 4) on 200 nsec

v’ velocity (v) and charge (z)

v/ upward/dowward particle separation
(1077)

IDPASC - Annecy, 22-26 July 2013 F.Barao (34)

Scintillators propetrties

Material eV/photon T Amaz P 4E (mip) n Notes

[nsec] [nm] [g/cm3]  [MeV/cm]

Anthracene 60 (100%) 30 447 1.25 1.62
Plastic NE104 88 (68%) 1.9 406 1.032 ~ 2 1.58
Nal 26 (230%) 230 413 3.67 4.8 1.85 Hygro
Csl(Na) 90 (150%) 650 420  4.51 ~ 5 1.79
BGO 173 300 480 7.13 9.2 2.20
BC-408
100 . ’ .
/\ Nal(Ti]
) / | |
80 =
5 /
5 - / \\ £
2w "
2w / g
P | \ E
ol |/ \
W/ N ]
| S~ 300 200 500 00 700
360 380 400 420 440 460 480 500 520 Wavelength (nm)

Wavelength, nm
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Velocity measurement () with TOF

v particle velocity is derived from
measuring the time difference (At)
between the upper and lower scintillator
planes and the track length (As)

N o8 _ Be
B = Az 5 = AsOt

Velocity measurement () with TOF

v particle velocity is derived from 0

: : . lectro
measuring the time difference (At) L f ‘\ eee roéns
between the upper and lower scintillator o fl \\ Fit: two gaussians
planes and the track length (As) oo [ 0y = 3.6% (80% - 4 layers)
80E o,=4.5% (20% - 3 layers)
53— As oB _ Be : [\
cAt B Ast & / \
/o \
v single pad error (o) depends on : b2 S s
e signal shape (o1 /v/'N) 107
e photons path length dispersion o
(o2 d/\/N) gmo;—

e electronic noise (o3)

El 1 | | ! I I |
U8 082 084 086 098 1 1.02 1.04 106 1.08 11

Velocity [Rigidity=20GV]
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Charge measurement (7 ) with TOF

v energy deposited on scintillator A& o« 7~
v up to 4 AE samplings

v dominant uncertainty comes from energy
deposition fluctuations

overall resolution: 2%xZ

o the Charge (a.u.)

(x104) (x107)

IDPASC - Annecy, 22-26 July 2013 F.Barao (37)

Magnetic field : permanent magnet

-*! Nd-Fe-B magnet

0.15 Tin the magnet center
No leak out (Bout<0.02T) to avoid

torque on structures

120k locations 3D map.
Deviation from 1997 (AMS-01) < 1%

IDPASC - Annecy, 22-26 July 2013 F.Barao (38)



Silicon Tracker

6 planes instrumented with silicon sensors (3 inside the
magnet and 3 outside)

v 9 layers of double-sided silicon microstrip sensors '_ T°F
uZJ U A t  Tracker
v’ ~ 2500 sensors arranged on 192 Jadders <"‘—:"“%' | |
g |
7 — 15 sensors per ladder with a size of 28 — 60 cm " g i
v readout pitch . L I ] i W } o
110pm along bending direction y T—~y = } eca

(208um) along non-bending direction x

v 9 independent position measurements of the
particle track

v particle rigidity (P = £2) from track

reconstruction

v electric charge (Z) from energy deposition
(dE/dx)

IDPASC - Annecy, 22-26 July 2013 F.Barao (39)

Rigidity measurement

v charged particles bend under magnetic field (B ~ 0.15T)
v’ 9 silicon double-sided layers crossed

v’ spatial resolution
10 pm on bending plane (y)
30 um on non-bending plane (x)

L [ Bde¢
P

v trajectory bending (sagitta) is measured : s

v rigidity (P = pc/Ze) resolution
~ 10% at 10 GV and MDR ~ 2 TV for protons
degradation at low rigidities due to Multiple Scattering



Rigidity measurement

v’ charged particles bend under magnetic field (B ~ 0.15T)

v’ 9 silicon double-sided layers crossed

v’ spatial resolution
10 wm on bending plane (y)
30 um on non-bending plane (x)

L [ Bd¢
P

v trajectory bending (sagitta) is measured : s

v rigidity (P = pc/Ze) resolution
~ 10% at 10 GV and MDR ~ 2 TV for protons
degradation at low rigidities due to Multiple Scattering

— Inner MDR=0.22 TV
— g —WLIN  MDR=061TV [T :
- .o“'f\"\. 5 —wLe  mMoR=osaTV | o

1200 [ # 3 2 — Fullspan MDR=248Tv| | 1 T ii i

7)) H® Zurich,1997 - !.. o i T EEEEE : ; i :::Hu :

» - r - g | ] 1 (P 4 I
s > [ = b e e e R L e Y o P
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energy deposition : dEdx

The energy deposition on TOF layers together with the rigidity (P = pc/Ze)
measurement is sensitive to A/Z : 1 for protons, 2 for light nuclei

po B Yo+ ME7 \/1 + (é>2 (mo)?

pc pc VA




energy deposition : dEdx

The energy deposition on TOF layers together with the rigidity (P = pc/Ze)
measurement is sensitive to A/Z : 1 for protons, 2 for light nuclei

a0
L

o
=3

0.5 1 15 2 2.5 3 3.5 4 4.5 5

=Q

TOF system R (GV)
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Charge measurement (Z) with Tracker

v energy deposited on silicon sensors (300 pm) : AE o Z?

v upto 9 AE samplings

e
+ At least 4 layers

~+— At least 8 layers

S
w

iy ’
NLI\IIII TTTTJTTTIT[TITITTITITTT IIIIIIIIIII]II TT

i

et
)

Resolution (c.u.)

W
s

..20, L .25. L
Nuclear Charge

o

Tracker Charge
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Transition radiation : principles

v Electromagnetic radiation is emitted
when a charged particle traverses a S I § 7Y VT
mediurm with a varying dielectric B S S
permitivity (¢)

v A transition radiator will consist on a
series of foils and air gaps

» polyethilene foam

» fleece

v X-rays are emitted

v To avoid X-ray absorption in radiator
foils, its atomic number Z has to be as
low as possible

v The X-rays are detected by proportional
tubes filled with a mixture of Xe/CO-
(80%/20%)

IDPASC - Annecy, 22-26 July 2013 F.Barao (43)

Transition Radiation Detector ( TRD)

v modules (328) made of fleece radiator
and straw tubes

» 16 straw tubes per module

» radiator thickness of 23 mm

» straw tubes (& = 6 mm) filled with

Xe/COq

v 20 layers assembled on a octogonal
shape

Single Tube Spectrum

» 4 layers on upper/lower part along @ 1o
. - —
the bending plane 8 sectrons
5 102 —— protons
» 12 layers on the middle g 3 TR Xrays
transversally placed g 1w
- i
. : B g 10°F jonization
v’ evaluation of the particle + = — boost S : |
(®] [
. . . b= -3 T R R AR R N
v separation of particles with extreme 10% 500 1000 1800 2000

Signal amplitude [ADC]

mass differences
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Charge measurement with TRD

v define PDFs for every charge and determine probability

v charge determined from weighted mean of two most likely
charges

-=373%,3.68%,2.71%, 2
| p

IIIIII' T IIIII’TE T IIIHII;.) Ty TTTIT

Lo I

120 4 5
amp [keV] reconstructed charge
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ing Imaging Cerenkov Detector (RICH)

Construction

v’ proximity focusing Ring Imaging Detector ; radiator

v’ dual solid radiator configuration
low index aerogel : n = 1.050, 2.5 cm thickness
sodium fluoride : n = 1.334, 0.5 c¢m thickness

reflector
R

. pmt matrix
v conical reflector 85% reflectivity

v’ photomultiplier matrix
680 multipixelized (4 x 4) detectors

v spatial pixel granularity : 8.5 x 8.5 mm?

It provides

v accurate particle velocity measurement
AB/B ~ 0.1% for protons

v electric charge determination
AZ ~ 0.2

v albedo rejection
directional sensitivity



ing Imaging Cerenkov Detector (RICH)

Construction

v proximity focusing Ring Imaging Detector radiator

v’ dual solid radiator configuration
low index aerogel : n = 1.050, 2.5 cm thickness
sodium fluoride : n = 1.334, 0.5 cm thickness

reflector
A ——

: pmt matrix
conical reflector 85% reflectivity

photomultiplier matrix
680 multipixelized (4 x 4) detectors

spatial pixel granularity : 8.5 x 8.5 mm?
It provides

v/ accurate particle velocity measurement
AB/B ~ 0.1% for protons

v electric charge determination
AZ ~ 0.2

v albedo rejection
directional sensitivity
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Velocity measurement with the RICH

v The AMS Tracker provides the particle
direction (6, ¢) and impact point at the RICH
radiator

L
v Ring of cerenkov photons is function of 6. H

geometrical and likelihood methods applied to < , R ,
reconstruct 6. H A o

v’ Velocity obtained from 6. measurement
ﬁ — 1/n cos 90 Beryllum Pkol= 0.78424 Beryllum Plkol= 0.94968
RUN 9901 /EVENT 3 = RUN 9901 /EVENT 15 —

"= 17.38 Deq = 0= 41.26 Deq

° {AgL) Nb us hits= 58 ° HNaF) Nb us hits= 32

I




Velocity measurement with the RICH

v The AMS Tracker provides the particle
direction (6, ¢) and impact point at the RICH ¢ lh
radiator
L
v Ring of cerenkov photons is function of 6. H
geometrical and likelihood methods applied to r , R ,
reconstruct 6. " \:(HHH
v’ Velocity obtained from 6. measurement
6 — 1/n cos HC Ber‘yllum Pkol= 0.78424 Beryllum Pkol= 0.94968
RUN 9901 /EVENT 3 = 0= 17.38 Deg RUN 9901 /EVENT 15 T = 0™= 41 :26 Deg
v sources of 3 uncertainties : " Agb) o) 0 (Nap) PONTR
» pixel size ( 8.5 mm) ] ]
» radiator chromaticity, n(\) E N v i
» radiator thickness (htan6.) o A Moo th o
photon emission point unknown i : Wb 3
A A6 o b HGON o b b
Tﬁ:tanec\/?;e [SOOPPTORREPOPOPOOO soveueessiweer ] [T evessvveversy R AT
. pizel thick chrom | W icl
| 800 = (807" & (800) " & (A6,) o I T I TN
AH@ ~ AR 62 0. | i=pixel,thickness o A Aggwel (mred) (mred) B=1)
ki ' - AGL 3.3 46 3.2 65 | 211073
A0 ~ 1 An i chromat i NaF 0.3 0.6 4.8 48 | 421073
¢ T tanf. n - :
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Light yield and RICH velocity

The different radiator indexes (agl, naf) imply different light yields and velocity
resolutions

the more photons we have the best is the accuracy of the measurement O
number of p.e. for fully contained rings and verti~="' *=~*~===~

9 T T

T T T T T T T 3]
é_ Protons ® N, (AGL) 21 +001 3

N]'\,, number of photoelectrons for ] E
fully contained rings and particle 3 o ) 1923 2008
inciding vertically in the detector ' e

L 1 1 1 1 1 1 1 1 1 3
C 2 8 10 12 1 1 18 20
Rigidity (G )




Light yield and RICH velocity

The different radiator indexes (agl, naf) imply different light yields and velocity
resolutions

the more photons we have the best is the accuracy of the measurement 0
number of p.e. for fully contained rings and verti=="' *~~*~====

8

T T T T T T T T ]
3 75 Protons ® N, (AGL) 21 +001
z

N]'\,, number of photoelectrons for ] E
fully contained rings and particle 3
inciding vertically in the detector '

A Ny(NaF) 1923 £003 3

L S P
Rigidity (G)

EB ! ! 2 0.002 F T T T T T T =
0009 o AGL Protons = 8 0.0018 - 4 > 3
0008 - - © 0.0016 E- 103 /| =| +B* 3
0007 7 NaF E . 5 7z 3
000 E¢ _ 0.00145— A—13440.02 _E
000 E . i 0.0012 =1.34+0. E
000 E ......o-, ...................... £ 0_001;— B=0.56+0.02 _;
0003 - - 0.0008 |~ -
o002f oo, - 0.0006 - 3
0001 E 0.0004 - =

0 L L E 3
10 10 0.0002" . . . . L3

Rigidity (G) 1 2 3 4 3 3
V4
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Charge determination with the RICH

v Charge determination :

A 1 CIN1
72 o Np.c 10°) erogel CIN105

=

e = ring efficiency
ring acceptance, v absorption,...

v’ Z Uncertainties :
» statistical : AN, . = \/Np,e (1+02.)

10 |

» systematics from non-uniformities : 1
e radiator : n, thickness, clarity, ...

: Zrec
e detection : LG, PMT, temperature effects, ...

1 [140Z . 9 ( As)2
AZ = 3V N + 7 (?) o Aerogel CIN105
03 Systematic ~ 1.5%
v results from test beam (2003) with o
fragmented ions and ISS data ... R il
g x::: Cnrbonsevenl - j:,u.n:..‘:slw‘ 02 ’—."m [—H ’I’Hq’f II
OF i e o
DESE Cninm o
SEd: A
10 12 1 17 20 22

4

(scint)



Charge determination with the RICH

v Charge determination :

Aerogel CIN105
2 Np.e
Z° oc ==

e = ring efficiency
ring acceptance, ~ absorption,...

103}

v Z Uncertainties :
» statistical : AN, . = \/Np,e (1+02.)

10 |

» systematics from non-uniformities : 1
e radiator : n, thickness, clarity, ... .

1.4 [l LPz (erogel)

e detection : LG, PMT, temperature effects, ... I —

1.2H * timeind corr

2 Cl" r
= l —1+Up'e 2 & e 1;A fined 1
AZ 2 No + Z ( € ) L

0.8

v results from test beam (2003) with N =
fragmented ions and ISS data ... )i g

R RaRE C
e 0.2

5 10 15 20 25
A

Z

(scint)
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Electromagnetic Calorimeter (ECAL)

v sampling e.m. calorimeter with
lead+scintillating fibers structure
648 x 648 x 167 mm?3
lead (58%), fibers (33%), optical glue (9%)
p~ 6.8 gr/cm3

v 9 superlayers disposed along X and Y
alternately
4(5) disposed along the X (Y)

AN

~ 17Xo(~ lem) radiation lengths

AN

multi-pixel (2 x 2) photomultiplier’s
large dynamic range

v 18 samplings of e.m shower
cell granularity ~ 0.5 Ry (35 fibers per PM
pixel)

v detector acceptance : 0.06 m?2.sr

7 e®, v energy measurement
0 particle direction
(7 fast trigger signal (dynode)
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v’ electrons (positrons) and photons interact
with the material creating an
electromagnetic shower composed of e*, ~

i
f

o

v/ shower maximum is reached when shower
particles stop replication (through
bremmssthralung and pair-production
mechanisms) and start to be absorbed

Energy Fraction

o
=3
=3

0.06

0.

e

III[I!\{III[\I\[II\I

v the transverse dimension of the shower is
determined by the low energy multiple
scattering 0

moliére radius : Ry = E/Qﬁ

o —=— TB 180 GeV

o

2
—— TB 120 GeV

{

! I I TP B I L
2 4 6 8 10 12

DL?)tn 1Ia;gr unils1)B
Xo~2cm
v’ the shower is sampled longitudinally several

times

active medium (scintillating fibers) measures

the shower deposited signal

v energy resolution : statistical uncertainty

AE _ VN _ 1 1
E N /N  E

v electrons (positrons) and photons interact
with the material creating an
electromagnetic shower composed of e™, ~

o

v shower maximum is reached when shower
particles stop replication (through
bremmssthralung and pair-production 005
mechanisms) and start to be absorbed

Energy Fraction

o
=3
=3

0.

2

III[IV’\{III[TI\[II\I

v the transverse dimension of the shower is
determined by the low energy multiple
scattering
moliere radius : Ry =

o —=— TB 180 GeV

o

2

i

—— TB 120 GeV

L L Ll I Ly
6 8 10 12

ft

o
F
o
=

14 16 18
Depth (layer units)
21

B/ Mev A0 ~ 2 Ccm s o

v the shower is sampled longitudinally several
times
active medium (scintillating fibers) measures £
the shower deposited signal

Energy resolution (%
R 3
TTTTTT

(10.4 £ 0.2)%/\E ® (1.4 + 0.1)%

v energy resolution : statistical uncertainty 3 L
AE __ vVN 1 1 e e I [ R T R v R

160 1
O( Energy (GeV)

E — N — JN VE

0
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AMSO02

positron ratio

analysis and results
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Positron analysis

v positron analysis has to deal with a large wb PN p;
background from protons (and also electrons, but \ of_ I>\ .
here charge sign helps ) b é}‘% "

ELN N\

v/ AMS detector requirements : good positron éw 13 goo&i T ) all-particle ‘“m
identification and capability of strongly reject Hadrad }?f "
protons “‘wg— 15 Py y
ECAL, TRD, TRACKER wi Ballon e
at low energy TOF and RICH also contribute w— sn_ace‘emﬂt ; °‘: -

ol cond oo TS bl il £aRer "

102 1 102 10  10° 10° 10" 10"

background rejection factor, R, Avs-o> EeV
The rejection factor measures the capability to
suppress the background channel acceptance, G

G = fA,Q dQit - dA  [m2.sr]

c g€
Ng _ &g G€0€S_<I>S S dg
Np = &p GE()S% T ®p eC _‘I)B/Rj
- signal purity, S
~—~ » Op
Ry Signal it measures the purity of the signal for a

G = geometrical acceptance
g0 = general selection
e¢ = specific selection

specific (c) selection

o
Ng

WG
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Positron identification with TRD

4|
the electron and proton track signal is sampled up to 20 | = ===
times in TRD . =
P.,= /1" p>P | =|L :_m( Pe )
e,p =1 7 e Pe+Pp
P layer probability of an electron or proton signal Single Tube Spectrum
. 107 :

deposltlon — electrons

—— protons

TR Xrays

-4 I ' .
107 F Jonizat

Normalized entries
=)
T

_t N NI N T S N
10°5 500 1000 1500 2000
Signal amplitude [ADC]

© 10" ETrT /\‘ T
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Y E o«

2 ¥
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N b 4 1
-P‘ s i . 4 ]
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g F
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TRD Likelihood

TRD estimator : L¢

Positron identification with TRD

the electron and proton track signal is sampled up to 20 E =7
times in TRD =1
- 7
_ n n _ 7/
Pe’p = H 1 p’L i Le —_— ln (&T%)
<P+ layer probability of an electron or proton signal , _ single Tube Spectrum
10"
depOSition E — electrons
-l‘-:’ 102 — protons
—e— ISSData )
—&— TestBeam 2010 o TR Xrays
c 10°g | ! ! TS g or
E : = -~
- i i —~ |
-g 4 i 7] g 10-d_lonization
107 E : E o 5
8 B e S Ry ‘.. 3 B0 R 2000
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Positron identification witm‘h ECAL

electron and proton create different "tracks" in
electromagnetic calorimeter (ECAL)

—— Electrons
— Protons

3 3
.

3

Boost Decision Tree (BDT) folds the different observables
that can distinguish both particles, into one cut
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bck while keeping signal

IDPASC - Annecy, 22-26 July 2013 F.Barao (55)



Positron and electron measurement

The number of positrons in every energy bin is obtained :
3 apply the ECAL shower topology cut (BDT), energy dependent

O split sample in negative (Q < 0) and positive @ > 0 particles

O number of positrons and electrons obtained from a fit on the two remaining
discrimination observables : TRD estimator and E/p
v reference spectra from electron and proton samples selected with ECAL
v’ wrong-sign events (charge confusion) spectrum taken into account
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Positron ratio
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eT secondary production is exptected to decrease
monotonically while results indicate a persistent rise !
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Conclusions

v/ 100 years passed since cosmic rays were discovered

v it has been a long journey with plenty of discoveries
(positron, muon, ...) and precise measurements

v very puzzling questions are still there (P Salati talk) : dark
matter, antimatter, a better knowledge of the CR
propagation mechanisms...so, better measurements needed
to feed theoreticians, phenomenologists !

v the AMS experiment will remain a fundamental observatory
of Cosmic Rays for the next decade

» detailed measurements in energy and charge
composition will be made with an unprecedented
statistical precision
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