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TheThe CosmicCosmic Ray Ray EnergyEnergy SpectrumSpectrum and and variousvarious

TechniquesTechniques of of theirtheir MeasurementsMeasurements

Direct Measurements

Indirect Measurements

See Ralph Engel Talk



Cosmic Ray CompositionCosmic Ray Composition

• Energetic particles produced in stars and 
accelerated by shocks from Supernova 
explosions

• Particles are retained in our galaxy by magnetic 
fields.

• Except for possibly highest energies, trajectory   
of charged particle is randomized by galactic 
magnetic field, does not point to its sources

• ~99% atomic nuclei, 1% electrons

• Cosmic ray nuclei: 
~89% protons, 10% He and 1% heavier nuclei

• Very small fraction antiprotons and positrons

Kepler SNR (SN 1604)

Solar processes: Solar Wind, CME, …

See Ralph Engel Talk



CosmicCosmic Ray Model Ray Model 

SourceSource

See Ralph Engel Talk: Leaky-Box-Model



Protons and Protons and ElectronsElectrons

• Proton Propagation: Energy Loss not so 

important, Diffusion & nuclear 
interaction dominates 

• Electron Propagation: Energy Loss 
(Synchrotron and inverse Compton 

processes) dominates

• Spectrum of Electrons steeper than 

Proton spectrum:                     

Power-Law Index: p ~ -2.7,  e ~ -3.0

• Ratio e/p: At 10 GeV ~ 1%, at 1 TeV ~ 

0.1% ?

• Even the “simple” Proton Spectrum is 

not so well known, differences >20%…

Protons ~E-2.7

Electrons ~E-3

See Ralph Engel Talk



Cosmic Ray Antimatter: Cosmic Ray Antimatter: 

Predictions for secondary productionPredictions for secondary production
Antiprotons                                                Positrons

CR + ISM →→→→ p-bar + …
Propagation dominated by nuclear 

interactions

Kinematical threshold: Eth~5.6 GeV for 

the reaction   pp→ pppp

CR + ISM →→→→ ππππ± + x →→→→ µµµµ± + x →→→→ e± + x

CR + ISM →→→→ ππππ0 + x →→→→ γγγγγγγγ →→→→ e±

Propagation dominated by energy losses 

(inverse Compton & synchrotron radiation)

Local origin (@100GeV 90% from <2kpc)



TheThe firstfirst historicalhistorical MeasurementsMeasurements on on GalacticGalactic

AntiprotonsAntiprotons

Robert L. GoldenRobert L. Golden



First historical measurements of p-bar/p ratio Anti-nucleosyntesis

WIMP dark-matter 

annihilation in the 

galactic halo

Evaporation of 

primordial black 

holes

TheThe firstfirst historicalhistorical measurementsmeasurements of of thethe p/p p/p –– ratioratio

and and variousvarious ideasideas of of theroreticaltheroretical interpretationsinterpretations



EvidenceEvidence forfor DarkDark MatterMatter

Galaxy rotation curves     Cluster of Galaxies             CMB+SNIa

See Hans Kraus talk!



You are here
PAMELA

Signal

Background / Secondary Production

CR + ISM →→→→ pbar + …

CR + ISM →→→→ ππππ± + x →→→→ µµµµ± + x →→→→ e± + x

CR + ISM →→→→ ππππ0 + x →→→→ γγγγγγγγ →→→→ e±

Signal will distort the 

antiproton,  positron 

and gamma spectra 

from purely secondary 

production
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FERMI, AMS-02

AMANDA/Ice Cube

PAMELA

BESS, HEAT, AMS, etc.

NeutralinoNeutralino AnnihilationsAnnihilations



Just Just oneone slideslide::

Gamma Ray Gamma Ray ObservationsObservations and and DarkDark MatterMatter



Gamma Rays: EGRET, INTEGRAL, Gamma Rays: EGRET, INTEGRAL, FERMI*FERMI*

The „EGRET excess“

not confirmed by FERMI

*More to FERMI later...



Now: ChargedNow: Charged particlesparticles

p/p ≤ 10-4 - 10-6 

p/e+ ≥ 103 - 104

p/e- ≤ 10-3
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Not so easy…. 
Needs good “Rejection Power”

Particle identification = combination of measurements



Common Cosmic Ray DetectorsCommon Cosmic Ray Detectors

• Ionization energy loss - Particles lose energy by ionizing material
through which they pass and produce detectable signals.

– Scintillators measure light emitted by detector material - used to measure 

particle charge, velocity, and energy

– Gas detectors measure measure electrons and ions - used for 

tracking, particle charge, and energy

– Solid state detectors measure electrons and holes - used for

tracking, particle charge and energy



Bethe Bloch
ionization energy-loss 

of heavy (M>>me) 

charged particles

1st plane

p
d

3He

4He

Li

Be

B,C

track average

e±

(←saturation)

Energy Loss: Charge MeasurementEnergy Loss: Charge Measurement



Velocity Measurement: TimeVelocity Measurement: Time--ofof--FlightFlight

Particle identification at low energy

Identify also Albedo-Particles (up-ward going, β < 0 ) 

Attention! They mimic antimatter!

Figure of Merit: Time Resolution around 100 – 300 ps



• Interaction topology: e/h separation

• Energy measurement of electrons and positrons

• Full shower containment needs enough 
radiation lengths!
Figure of Merit:
• e/p Rejection around 100 – 100000

• Energy resolution (electrons) ~ 5%

electron (17GV)hadron (19GV)

Calorimeter: Calorimeter: 
Energy Measurement or Electron / Energy Measurement or Electron / HadronHadron SeparationSeparation



Tracking in a magnetic field:Tracking in a magnetic field:

Magnetic Spectrometers Magnetic Spectrometers →→ Charge SignCharge Sign

• Antimatter search with ionization techniques is limited to

• particles contained in the instrument and

• requires clear annihilation signature

(limited energy range)

• Ionization and Cherenkov effects carry |Z| dependence but not 
charge sign

• Charge sign (matter-antimatter separation) for penetrating 

particles can be obtained by the curvature of a charged particle 

in a magnetic field.

- +

B



Figure of merit at high energies:
Maximum Detectable Rigidity (MDR):

R=MDR when measurement error = 100%

Magnetic deflection

|η| = 1/R 

R = pc/Ze →→→→ magnetic rigidity

Spectrometer resolution 
depends on: number of  
layers, spatial resolution, 
magnetic field, “Lever Arm”, 
multiple scattering (at low 
energies)

Magnetic Spectrometer & Track ReconstructionMagnetic Spectrometer & Track Reconstruction



Basic Detector PhysicsBasic Detector Physics

• Cherenkov radiation is emitted by particles passing through a 
transparent medium faster than the local speed of light (vc)

– Velocity threshold detectors differentiate particle speeds above or below vc

– Can measure velocity using total light signal or Cherenkov ring (above vc)



Velocity

Cerenkov
Radiator

Photo-
detectors

Conical
Reflector

Velocity Measurement: Velocity Measurement: CherenkovCherenkov DetectorsDetectors

Total light signal                                       Total light signal                                       CherenkovCherenkov Ring:RICHRing:RICH

FigureFigure of of MeritMerit: : NumberNumber of of photoelectronsphotoelectrons, , 

angularangular resolutionresolution (RICH)(RICH)



Basic Detector PhysicsBasic Detector Physics

• Transition Radiation is produced by relativistic charged particles when
they cross the interface of two media of different dielectric constants. 

- Total energy loss of a charged particle on the transition depends on its Lorentz

factor γ



TRD: Transition Radiation DetectorTRD: Transition Radiation Detector

Xe/CoXe/Co22

FigureFigure of of MeritMerit: e/p : e/p rejectionrejection factorfactor >= 100>= 100



Balloon Instruments for Antimatter SearchBalloon Instruments for Antimatter Search

1979 1979 -- 20072007



Golden: First Antiprotons Reported, 1979Golden: First Antiprotons Reported, 1979

• 315 cm2 sr
• Superconducting Magnet

Multi-Wire counters
Spectrometer MDR 120 GV

• Gas Cherenkov Counter
• Time-of-Flight
• Shower Counter (7 X0)

Golden, R.L. et al. 1979, Phys. Rev. Lett., 43, 1196,
“Evidence for the existence of cosmic-ray antiprotons”



Golden: Antiprotons Reported, 1979Golden: Antiprotons Reported, 1979

• Negative Deflection = 1/R

• No Cherenkov Response

thus not a µ- nor e-

• It must be antiprotons

• p/p ratio

5 x 10-4

• Rigidity 5.6 -12 GV/c

Golden, R.L. et al. 1979, Phys. Rev. Lett., 43, 1196,
“Evidence for the existence of cosmic-ray antiprotons”

“ratio consistent with 
secondary production” 
(in the ISM) -- a little high



Antiproton Measurements and the effect of the Antiproton Measurements and the effect of the ““SpilloverSpillover””

Proton Proton SpectrumSpectrum dNdN//dRdR ηη = 1/R              Proton = 1/R              Proton SpectrumSpectrum dNdN/d/dηη

ηη = = „„DeflectionDeflection““



BogomolovBogomolov: Antiprotons Reported, 1979: Antiprotons Reported, 1979

• p/p ratio

6 x 10-4

• 2-5 GeV

Bogomolov, E.A. et al. 1979, Proc. 16th ICRC, Kyoto, 1, 330,
“A Stratospheric Magnetic Spectrometer Investigation of the Singly Charged Component
Spectra and Composition of the Primary and Secondary Cosmic Radiation”

From 

Robert E. Streitmatter



Buffington, A., Schindler, S. M. & Pennypacker, C. R. 1981, ApJ 248, 1179,
“A measurement of the cosmic-ray antiproton flux and a search for antihelium”

• p/p ratio

2.2 x 10-4

• 130-330 MeV

NOT consistent with 

secondary production

Buffington: Antiproton Excess, 1981Buffington: Antiproton Excess, 1981



Buffington, A., Schindler, S. M. & Pennypacker, C. R. 1981, ApJ 248, 1179,
“A measurement of the cosmic-ray antiproton flux and a search for antihelium”

• p/p ratio

2.2 x 10-4

• 130-330 MeV

NOT consistent with 

secondary production

Buffington: Antiproton Excess, 1981Buffington: Antiproton Excess, 1981



Antiproton & Positron Measurements Antiproton & Positron Measurements ‘‘8787

SecondarySecondary productionproduction



Magnetic Spectrometers for Antimatter Search Magnetic Spectrometers for Antimatter Search 

in the ASTROMAG Era:  BALLOONSin the ASTROMAG Era:  BALLOONS

LEAP
PBAR
MASS
IMAX
BESS
TS-93
CAPRICE
HEAT



LEAP & PBAR: Antiprotons at low energies LEAP & PBAR: Antiprotons at low energies 

LEAP and PBAR: Magnet Spectrometer, LEAP and PBAR: Magnet Spectrometer, ToFToF, , CherenkovCherenkov

No Antiproton at low energies found!No Antiproton at low energies found!



• Magnet Spectrometer (MDR 200 GV)

• Time-of-Flight

• Gas-Cherenkov ( γ ~ 25, 18 pe’s)

• Calorimeter: Brass Streamer Tubes

7.3 X0 / 0.75 l0

1991: MASS1991: MASS--2 Experiment2 Experiment
140 cm²sr



• Magnet Spectrometer (MDR 200 GV)

• Time-of-Flight

• Two Aerogel-Cherenkov (n=1.05) 11 & 12 pe’s

• Two Additional Scintillator Counters

1992: IMAX Experiment: First mass1992: IMAX Experiment: First mass--identified antiprotonsidentified antiprotons

|Z|=1

16 antiprotons

145 cm²sr

p 

d  

t



• Magnet Spectrometer (MDR 200 GV)

• Large Acceptance: 3000 cm²sr

• Time-of-Flight (300 ps)

• Later Versions:

Aerogel-Cherenkov (n=1.02, 1.03)

1993: BESS Experiment: More mass1993: BESS Experiment: More mass--identified antiprotonsidentified antiprotons

TOF Upper

Coil

JET/IDC

ACC

MTOF

TOF Lower

- +



19931993--2007:Evolution of the BESS Instrument2007:Evolution of the BESS Instrument

Nine northern latitude BESS flights (1+ days) 1993-2002 and Two 
multi-day (8.5 & 24.5 days) Antarctica flights in 2004, 2007.

2001-2002          2004, 2007

6,2 43 415, 398 668, 558 147 1512, >10000



BESS: Improvement of Particle IDBESS: Improvement of Particle ID

BESS ‘97 
TOF and 
dE/dx

BESS ‘97 
TOF,dE/dx
and Ck

BESS-Polar particle ID plot

|Z| =1



• Magnet Spectrometer (MDR 200 GV)

• Time-of-Flight

• TRD:10 layers of carbon fiber radiators, 

each followed by a MWPC, p rejection ~ 77

• Si-W Calorimeter:   

5 X0, e/p rejection ~ 450

1993: TS1993: TS--93  (e93  (e++))



• Magnet Spectrometer (MDR 200 GV)

• Time-of-Flight

• NaF-RICH (γ = 1.5)

• Improved Si-W Calorimeter:                                               
7.3 X0, 0.33 I0,  e/p rejection ~ 104 

CAPRICECAPRICE--I (p and eI (p and e++))

RICHRICH--DetectorDetector

„Because of the limited thickness (7 radiation lengths),  the
calorimeter did not fully contain the electromagnetic showers
induced by electrons with energy larger than a few hundred MeV“

• High granularity gives rejection power!



CAPRICECAPRICE--II

ElectronElectron AntiprotonAntiproton



1994 & 1995: HEAT (e1994 & 1995: HEAT (e++))

• Superconducting Magnet

• Drift Tube Tracker MDR ~ 170 GV

•Time-of-Flight σ = 0.75 ns

• TRD: plastic fiber radiators & 
MWPC Xe/CH4; proton rejection ~200

•Shower Counter 9 X0

proton rejection ~100

495 cm²sr



• Improved Magnet Spectrometer (MDR 330 GV)

• Time-of-Flight

• Gas-RICH  C4F10-Gas  (~12 photoelectrons)

• Si-W Calorimeter:                                                  

7.3 X0, e/p rejection ~ 104

CAPRICECAPRICE--II (p and eII (p and e++))

GasGas--RICHRICH



HEATHEAT--pbarpbar (p and e(p and e+))

• Superconducting Magnet

• Drift Tube Tracker

• multiple dE/dx measurements with 

140 MWPCs filled with Xe/CH4

•Flight in 2000, 22 hours, 4.5 – 50 GV

•71 antiprotons

4.5 – 6 GV



Antimatter Experiment in Space: AMSAntimatter Experiment in Space: AMS--01(1998)01(1998)

• Originally developed for Anti-Nuclei 
search

• Geometry factor: 8200 cm² sr
• Permanent Magnet (B = 0.15 T)

• Silicon-Tracker σ ~10 µm → MDR ~ 500GV

• Time-of-Flight σ ~120 ps

• Two Aerogel Cherenkov n=1.035, 

3.5 & 4 pe’s

Detectors and particle identification
method similar to IMAX or BESS



Antimatter Experiment in Space: AMSAntimatter Experiment in Space: AMS--01(1998)01(1998)

Extending e+ analysis up to 40 GeV using multi-track analysis



Cosmic Ray Cosmic Ray AntiprotonsAntiprotons ca. 2000ca. 2000



BESSBESS AntiprotonsAntiprotons at low energyat low energy

calculations of antiproton spectra 

from evaporation of primordial black 

holes modulated by 550 MV(top) and

850 MV(bot)

No clear evidence for primary signal…



BESS: BESS: AntideuteronAntideuteron SearchSearch

• Secondary D probability 
is negligible at low energies
due to kinematics.

• Any observed D probably has a
Primary Origin !

• D upper limit (first reported), 
1.92 x 10-4 (m2 s sr GeV/n)-1

Reference: Fuke, H et al. 2005, PRL 95, 081101, Search for Cosmic-Ray Antideuterons



Cosmic Ray Antimatter ca. 2000Cosmic Ray Antimatter ca. 2000

Antiprotons                                                Positrons

Moskalenko & Strong 1998
Positron excess?

atmospheric secondaries (~5g/cm²)



From balloon experiments to PAMELAFrom balloon experiments to PAMELA……



→ Unprecedented statistics 

→ New energy range for cosmic ray physics

→ Simultaneous measurements of many species

PAMELA Design PerformancePAMELA Design Performance

•• AntiprotonsAntiprotons 80 80 MeVMeV -- 150 150 GeVGeV

•• PositronsPositrons 50 50 MeVMeV -- 300 300 GeVGeV

•• Limit on Limit on AntinucleiAntinuclei ~10~10--88 (He/He)(He/He)

•• ProtonsProtons 80 80 MeVMeV -- 700 700 GeVGeV

•• Electrons   Electrons   50 50 MeVMeV -- 500 500 GeVGeV

•• Electrons+PositronsElectrons+Positrons up to 2 up to 2 TeVTeV (Calorimeter)(Calorimeter)

•• Light Nuclei Light Nuclei up to 200 up to 200 GeV/nGeV/n

•• Solar Flare ParticlesSolar Flare Particles E > 50 E > 50 MeVMeV



The PAMELA CollaborationThe PAMELA Collaboration



GF: 21.5 cm2 sr                
Mass: 470 kg
Size: 130x70x70 cm3

Power Budget: 360W 

PAMELAPAMELA and its Measured Quantitiesand its Measured Quantities



Characteristics:

• 5 modules of permanent magnet 
Nd-B-Fe alloy (Vacuumschmelze
Hanau) in aluminum mechanics

• Cavity  16.2x13.2x44.5 cm3

→→→→GF 21.5 cm2sr

• B=0.43 T (average along axis), 
B=0.48 T (@center)

The magnet

SPECTROMETER

PAMELA



The tracking system

Main tasks:
• Rigidity measurement

• Sign of electric charge
• dE/dx

Characteristics:
• 6 planes double-side (x&y view) 
microstrip Si sensors

• 36864 channels

• Dynamic range 10 MIP
Performances:

• Spatial resolution: 3÷4 µµµµm
• MDR ~1TV (from test beam data)

SPECTROMETER

PAMELA



The electromagnetic calorimeter

Main tasks:
•e/h discrimination

•e+/- energy measurement

Characteristics:
•44 Si layers (X/Y) +22 W planes
• 16.3 Xo / 0.6 l0
•4224 channels

•Dynamic range ~1100 mip

•Self-trigger mode (> 300 GeV GF~600 
cm2 sr)

Performances:
•Energy resolution ~5% @200GeV

SPECTROMETER

CALORIMETER

PAMELA



S1

S2

S3

SPECTROMETER

The time-of-flight system

Main tasks:
• First-level trigger

• Albedo rejection

• dE/dx

• Particle identification

(<1GeV/c)

Characteristics:
• 3 double-layer scintillator paddles
• X/Y segmentation

• Total: 48 Channels

Performances:

• σpaddle ~ 150ps

• σσσσTOF ~ 330ps (for MIPs)CALORIMETER

PAMELA



Anticoincidence

Bottom Scintillator S4 

Neutron Counter

PAMELA



SAA

ISS

ResursResurs--DK1 DK1 SatelliteSatellite

Resurs-DK1
Mass: 6.7 tonnes
Height: 7.4 m
Solar array area: 36 m2

•Main task: multi-spectral 
imaging of earth’s surface

•Built by TsSKB-Progress in 
Samara/Russia

•Lifetime >3 years (assisted)

• Data transmitted ground via 
high-speed radio downlink.

•PAMELA mounted inside a 
pressurized container

•Main task: multi-spectral 
imaging of earth’s surface

•Built by TsSKB-Progress in 
Samara/Russia

•Lifetime >3 years (assisted)

• Data transmitted ground via 
high-speed radio downlink.

•PAMELA mounted inside a 
pressurized container

PAMELA



FinallyFinally……



Launch from Launch from BaikonurBaikonur June 15th 2006June 15th 2006



PAMELA Orbit CharacteristicsPAMELA Orbit Characteristics

QuasiQuasi--polar (70.4polar (70.4°°)                Elliptical (350 )                Elliptical (350 –– 600 km)600 km)



PAMELA
PPayload for ayload for AAntimatterntimatter MMatter atter EExploration xploration 

and and LLight Nucleiight Nuclei AAstrophysicsstrophysics



Reminder: ChargedReminder: Charged particlesparticles

p/p ≤ 10-4 - 10-6 

p/e+ ≥ 103 - 104

p/e- ≤ 10-3
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Not so easy…. 
Needs good “Rejection Power”

Particle identification = combination of measurements



Flight data:

0.169 GV electron

Flight data: 
0.171 GV positron

Bending direction determines the charge signBending direction determines the charge sign



Flight data:  14.4 GeV/c
Non-interacting Proton



Flight data:  36 GeV/c
Interacting Proton



Flight data:  32.3 GeV/c
Positron



Flight data:  18 GeV/c
Electron



Flight data:  0.763 GeV/c
antiproton  annihilation



CalorimeterCalorimeter

separates the separates the hadronhadron shower from the electron showershower from the electron shower

Protons:
• shower is widely spread in energy 

deposit and shower size
• Most protons interact well deep in the 

calorimeter or do not interact at all.

Electrons:
• shower is narrow in energy 

deposit and shower size
• electrons interact in the first 

calorimeter layers



Now, PositronsNow, Positrons……



Fraction of charge released along the Fraction of charge released along the 
calorimeter trackcalorimeter track

Define a radius of 0.6 RM around the calorimeter track:

ProtonsProtons

ElectronsElectrons

X-view                                y-view



p (non-int)

ee--

ee++

p (non-int)

p (int)

p (int)      

Rigidity: 20-30 GV

Fraction of charge released along the calorimeter track Fraction of charge released along the calorimeter track 
for negative and positive rigiditiesfor negative and positive rigidities



Reminder: CERN BeamReminder: CERN Beam--TestTest

At the beam-test we knew the incoming momentum.
In PAMELA we have the spectrometer!



ee--
ee++

p, dp, dpp

‘Electron’

‘Hadron’

Antiparticle Selection: Antiparticle Selection: ““EnergyEnergy--MomentumMomentum--MatchMatch””

Combining calorimeter and magnetic spectrometerCombining calorimeter and magnetic spectrometer
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ee--

Energy-Momentum-Match

pp
ee++

Rigidity: 20-30 GV

Positron Selection with the CalorimeterPositron Selection with the Calorimeter



Positron Selection with the CalorimeterPositron Selection with the Calorimeter

Protons:
• Most protons interact well deep in 

the calorimeter or do not interact at 
all.

Electrons:
• electrons interact in the first 

calorimeter layers

starting point starting point 
of showerof shower



ee--

pp ee++

Rigidity: 20-30 GV

Energy-Momentum-Match
Starting Point of Shower

Positron Selection with the CalorimeterPositron Selection with the Calorimeter



Check of calorimeter selection: Check of calorimeter selection: 

Compare with test beam dataCompare with test beam data……

pp
pp

Flight data
Rigidity: 20-30 GV

Test beam data
Momentum: 50GeV/c

ee--

Fraction of charge 
released along the 
calorimeter track

+
Constraints on:

Energy-momentum 
match

Shower starting-point

ee--

ee++



Flight data:  
51 GeV/c
positron

Positron Selection with the CalorimeterPositron Selection with the Calorimeter
Longitudinal ProfileLongitudinal Profile



ee--

pp

ee++

Rigidity: 20-30 GV

Energy-Momentum-Match
Starting Point of Shower
Longitudinal profile

Positron Selection with the CalorimeterPositron Selection with the Calorimeter



ee--

pp

ee++

Rigidity: 20-30 GV

Energy-Momentum-Match
Starting Point of Shower
Longitudinal profile
Lateral profile

Positron Selection with the CalorimeterPositron Selection with the Calorimeter

ee--

ee++



ee--

pp

ee--

ee++

pp

Neutrons detected by ND

Rigidity: 20-30 GV

Fraction of charge released along the 
calorimeter track (left, hit, right)

ee++

•Energy-momentum match

•Starting point of shower 

Proton Rejection with the Neutron CounterProton Rejection with the Neutron Counter



test beam data

Positron Selection with the CalorimeterPositron Selection with the Calorimeter
Proton Rejection PowerProton Rejection Power

This is NOT used in the actual analysis !!!This is NOT used in the actual analysis !!!



POSITRON SELECTION

PROTON SELECTION

Preselection: 2 W planes: ≈≈≈≈1.5 X0

Actice: 20 W planes: ≈≈≈≈15 X0  

Active: 20 W planes: ≈≈≈≈15 X0

Not used: 2 W planes: ≈≈≈≈1.5 X0 

““PresamplerPresampler--methodmethod”” background estimation:background estimation:

Find a proton sample from flight dataFind a proton sample from flight data



+
• Energy-momentum match
• Starting point of shower 

e-

‘pre-sampler’ p

Rigidity: 28-42 GV

e+

p

Background estimation from dataBackground estimation from data



+ • Energy-momentum match
•Starting point of shower 

e-

‘pre-sampler’ p

Rigidity: 20-28 GV

e+

p

Background estimation from dataBackground estimation from data



+ • Energy-momentum match
• Starting point of shower

e-

‘pre-sampler’ p

Rigidity: 6.1-7.4 GV

e+

p

Background estimation from dataBackground estimation from data



PAMELA Positron FractionPAMELA Positron Fraction

End 2007:   ~20 000 e+

astro-ph 0810.4995



Charge sign
dependent solar
modulation

astro-ph 0810.4995

PAMELA Positron Fraction at low energiesPAMELA Positron Fraction at low energies



Interstellar spectrum

JulyJulyJulyJuly 2006200620062006
AugustAugustAugustAugust 2007200720072007
FebruaryFebruaryFebruaryFebruary 2008200820082008

PAMELA measures solar modulationPAMELA measures solar modulation
PAMELA PAMELA PAMELA PAMELA LaunchLaunchLaunchLaunch

See Ralph Engel Talk



Charge Dependent Solar ModulationCharge Dependent Solar Modulation

¯

+
¯

+

A-A+A+ A-

~11 y

Low
 fl

uxes!
PAMELA

PAMELA measurements
confirm the 

charge dependent solar 
modulation

HeliumHeliumElectronsElectrons

See Ralph Engel Talk



During first week During first week PAMELAPAMELA results posted on results posted on arXivarXiv……

• 0808.3725 DM                        
• 0808.3867 DM
• 0809.2409 DM
• 0810.2784 Pulsar
• 0810.4846 DM / pulsar
• 0810.5292 DM
• 0810.5344 DM
• 0810.5167 DM
• 0810.5304 DM
• 0810.5397 DM
• 0810.5557 DM
• 0810.4147 DM
• 0811.0250 DM
• 0811.0477 DM

Nature 458, 607-609



Cholis, Goodenough, Hooper, Simet, and Weiner
arXiv:0809.1683 

Hooper, Blasi, and Serpico

arXiv:0810.1527

PAMELA PAMELA PositronPositron MeasurementsMeasurements

and ideas of interpretationand ideas of interpretation

Dark Matter                                 PulsarsDark Matter                                 Pulsars



PAMELA PAMELA PositronPositron MeasurementsMeasurements

and more ideas of interpretationand more ideas of interpretation……

Dark Matter                                 PulsarsDark Matter                                 Pulsars

Bergström, Bringmann, Edsjö

arXiv:0808.3725

Yüksel, Kistler Stanev
arXiv:0810.2784



RecentRecent Measurements with CalorimetersMeasurements with Calorimeters::

Spectrum of electrons plus positronsSpectrum of electrons plus positrons

PPBPPB--BETS, ATIC,BETS, ATIC, FERMIFERMI



ee+++e+e-- Measurements with CalorimetersMeasurements with Calorimeters::

PPBPPB--BETS, ATIC,BETS, ATIC, FERMIFERMI

PPB-BETS ATIC GLAST/FERMI



From: S. Torii / Electron-Positron Workshop08



From: S. Torii / Electron-Positron Workshop08



From: S. Torii / Electron-Positron Workshop08



The ATIC Instrument  The ATIC Instrument  
Advanced Thin Ionization Calorimeter

2280 Si matrix pixels

3 XY planes plastic scintillator

Graphite (carbon) target

BGO calorimeter, 

ATIC 1+2, 18.4 X0,

in 4 XY, planes,

ATIC 4, 22.9 X0,

in 5 XY planes, 

From: J. Isbert
PAMELA Workshop 09



p,e,γ Shower image in ATIC (from Flight data)
Energy deposit in BGO ~ 250 GeV
Electron and gamma-ray showers are narrower than proton showers

Gamma shower:    No signal in the Si matrix detectors around shower 
axis

Proton electron gamma

From: J. Isbert
PAMELA Workshop 09



• The ATIC 22 X0 BGO calorimeter 

essentially fully contains the 

electron shower

• energy resolution ~ 2 %.

• e/p rejection ~ 5000

ATIC ATIC SummarySummary

From: J. Isbert
PAMELA Workshop 09

Chang et al. Nature 456, 362-365 (2008)



FERMI / LAT Instrument Overview

e
+

e–

γγγγ

Pair-conversion gamma-ray telescope: 16 identical “towers” providing
conversion of γ into e+e- pair and determination of its arrival direction 
(Tracker) and energy (Calorimeter). Covered by segmented 
AntiCoincidence Detector which rejects the charged particles 
background

SiliconSilicon--stripped tracker:stripped tracker: 18 double-plane 
single-side (x and y) interleaved with 3.5% X0

thick (first 12) and 18% X0 thick (next 4) 

tungsten converters. Strips pitch is 228 µm; 
total 8.8×105 readout channels

HodoscopicHodoscopic CsICsI CalorimeterCalorimeter Array of 1536 
CsI(Tl) crystals in 8 layers.  

Segmented Anticoincidence Detector:Segmented Anticoincidence Detector: 89 
plastic scintillator tiles and 8 flexible 
scintillator ribbons. Segmentation reduces self-

veto effect at high energy.

Electronics SystemElectronics System Includes flexible, robust 
hardware trigger and software filters.

~1.7 m

~1 

m  

From: A. Moiseev
PAMELA Workshop 09



FERMI ChallengesFERMI Challenges

Thin Calorimeter: W 1.5 X0 + CsI 8.6 X0

Geometry factor depends strongly on energy

Energy resolution 5% – 30%

Proton rejection power (10³ - 104) 

depends on strongly on simulations



PAMELA ePAMELA e++, e, e--, , ee+++e+e-- spectra: Work in progressspectra: Work in progress……

ee+++e+e-- spectra May 2009spectra May 2009



How about Antiprotons?How about Antiprotons?



Antiprotons to proton ratio: Current statusAntiprotons to proton ratio: Current status

A A decrease decrease 

would clearly would clearly 

indicate aindicate a

secondary secondary 

productionproduction

??



ee--
ee++

p, dp, dpp

‘Electron’

‘Hadron’

Electron Rejection with the Calorimeter:Electron Rejection with the Calorimeter:
EnergyEnergy--MomentumMomentum--MatchMatch
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Tracker Identification

Antiprotons

Protons (& spillover)

Strong track requirements:
MDR > 850 GV

Deflection spectrum of the remaining Deflection spectrum of the remaining 

Protons and AntiprotonsProtons and Antiprotons

Deflection = 1/Rigidity



PAMELA Antiproton to Proton RatioPAMELA Antiproton to Proton Ratio

about 1000 events about 300 events

R>1 GV: PRL 102, 051101 (2009)
R<1 GV: P. Hofverberg, KTH, PhD Thesis, 2008-11-28



PAMELA and the measured Antiproton to Proton RatioPAMELA and the measured Antiproton to Proton Ratio



PAMELA and the measured Antiproton to Proton RatioPAMELA and the measured Antiproton to Proton Ratio

The high energy
Pamela pbar-data
follows the
background
prediction



PAMELA and the measured Antiproton to Proton RatioPAMELA and the measured Antiproton to Proton Ratio

No clear indication
for an enhancement
of Antiprotons !



Dark Matter (and other) InterpretationsDark Matter (and other) Interpretations
have to bring these two observations have to bring these two observations 

into a common theoretical frameworkinto a common theoretical framework

No 
Excess

Excess

Antiprotons                                 PositronsAntiprotons                                 Positrons



http://www.marcocirelli.net/talks/8.DMinCR.Roma2.pdf

Following slides taken from Marco Following slides taken from Marco CirelliCirelli















DarkDark MatterMatter

InterpretationsInterpretations

Nov. 2008Nov. 2008

Cirelli et al.   0809.2409

„disfavored by the

current e+ + e-
 excess“

May 2009:

ATIC vs. FERMI ... ??

PAMELA: 

Work in progress...



Future ExperimentsFuture Experiments



Time of Flight             
Silicon Tracker

Calorimeter

Magnet

RICH

Manifested on STS-134
September 2010

AMSAMS--02 on ISS02 on ISS

128



•Slightly smaller geometry factor (~5000 cm²sr) than AMS-01  (~500 cm² sr 
using Calorimeter)

•Superconducting Magnet 0.86 T

•8 layers of Silicon Tracker σσσσ~10 µm => MDR ~ 2600 GV

•Time-of-Flight σ ~ 120 ps

•Aerogel-RICH Cherenkov n=1.03, 8 photoelectrons

•TRD: PE 10 µm fiber fleece + straw tubes Xe/CO2

•ECAL:  lead/scintillating fibre 17 X0,  proton rejection  ~250  (x 20 applying 
energy/momentum match) ~ 5000

AMSAMS--02 Detectors02 Detectors

0.44 % ~ 1/250



Proposed ExperimentsProposed Experiments



From: S. Torii / ICRC 09 Lodz
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From: S. Torii / ICRC 09 Lodz



Orbiting Astrophysical Observatory in Space (OASIS)

• Orbiting galactic cosmic ray (GCR) observatory
– Astrophysics Strategic Mission Concept Study
– Development in GSFC Instrument Design Lab, 

Mission Design Lab
• High Energy Particle Calorimeter Telescope (HEPCaT) -

this talk
– 2 Imaging calorimeter modules to measure high 

energy electrons and nuclei (1≤Z≤28)
• Energetic Trans-Iron Composition Experiment (ENTICE) -

see Binns, paper 441, OG1.5 poster
– 4 dE/dx vs. Cherenkov modules 

measure element composition
10 ≤ Z to actinides

– dE/dx - 3 silicon detector arrays
– Velocity and charge - 2 Cherenkov

• Acrylic n=1.5
• Silica-aerogel n=1.043, 1.025

– Trajectory - 3 scintillating optical fiber
hodoscope

– Individual element resolution over full range
– Four modules with 16m2 collecting area
– 60 m2 sr yr exposure, 1010 GCR, >100 actinides

• Mission - see Christl, paper 1151, OG1.5
– EELV launch (e.g. Atlas V 551, 5 m fairing)
– Near sun-synchronous orbit, orbital and gravity 

gradient stabilized
– 5 yr nominal exposure

From:  J. W.  Mitchell / ICRC 09 Lodz



HEPCAT InstrumentationHEPCAT Instrumentation
• Silicon-pad charge identification detector (CID) determines 

particle charge
– 4 CID layers give 100% coverage and redundancy
– ~1 cm2 pads limit backsplash contamination

• Plastic scintillator tirgger-charge hodoscopes (TCH) give 
fast trigger, rough trajectory, and additional charge 
meaurement

• Silicon-tungsten calorimeter (STC) measures particle 
energy and provides electron/proton discrimination

– 32 absorber layers graded in thickness ( 8 0.5 X0, 24 
1.5 X0)
40 X0 total 1.7 λ

– Silicon-strip detector layers between each absorber 
alternate X and Y

– SSD - 8 cm x 8 cm x 380 µm, 32 strips
• Borated plastic scintillator neutron detector (SND) 

measures vaporization neutron flux from STC and 
penetrating particles

– Neutron and charged particle signals separated by time
• Front-end electronics use commercial ASICS

– >107 dynamic range (mip to shower max) by reading out 
SSD strips and back-side

• Geometry factor 1.25 m2 sr/module (2.5 m2 sr total)
– FOV ±60°
– STC 0.83 m x 0.83 m x 0.38 m
– CID and TCH sized to span STC FOV

• Extensive simulations using detailed GEANT4 model

From:  J. W.  Mitchell / ICRC 09 Lodz



Electron/Proton DiscriminationElectron/Proton Discrimination
• Protons >103 more abundant at HEPCaT energies and spectrum ~2.7 vs >3

• Requires discrimination power ≥104

• Distinguished from proton background by shower topology, penetration, neutron content

• Topology considerations: starting point, lateral distribution, longitudinal development, containment

• Electron/proton separation at ~105 level requires nearly full containment of shower

3 TeV electron

10 TeV proton

3 TeV electron low signals

10 TeV proton low signals
From:  J. W.  Mitchell / ICRC 09 Lodz



GAPS GAPS –– General General AntiparticleAntiparticle SpectrometerSpectrometer



PEBS PEBS -- PositronPositron ElectronElectron BalloonBalloon SpectrometerSpectrometer



Conclusions

• Indirect Dark Matter search is powerful and promising

• PAMELA results can be a breakthrough: excess in positrons, no excess in 

antiprotons

• DM models must predict huge annihilations into leptons with negligible 

hadronic production: Not the “usual” framework!

• Astrophysical explanation? Only nearby pulsars?

• Future data (PAMELA, ATIC, GLAST/Fermi, AMS-02) will be crucial


