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Abstract: In five year of operation in space, the instrument PAMELA, in orbit since June 15th, 2006, on board

of the Russian satellite Resurs DK1, has acquired a large amount of data for the studing of charged particles

in the cosmic radiation, with a particular emphasis on antimatter and signals of dark matter annihilation.

PAMELA is challenging also the mechanisms of acceleration and propagation of the cosmic rays in the Galaxy,

measuring light nuclei energy spectra. The monitoring of the solar activity and the observation of the radiation

belts are other important objectives. A review of the main experimental results obtained by PAMELA is

presented in this paper.

Key words: cosmic rays; dark matter; solar physics

1 Introduction

Almost 100 years have passed over since the Vic-

tor Hess discovered the cosmic radiation making bal-

loon ascents and an impressive experimental study

has been performed since then. Twenty one orders of

magnitude in energy have been up to now explored,

with direct methods up to 1014 eV by balloon borne,

satellite and space station experiments and with in-

direct methods at the highest energies by on ground

large size experiments. In this spectrum there are,

quite hidden, the answers to the main questions in

the cosmic rays research. Where the particles are

coming from? Are they galactic or also extragalactic?

How and where they are getting accelerated? How do

they propagate through the interstellar medium and

what kind of interaction do they encounter? What

role do they play in the energy budget of the inter-

stellar medium? Do we find hints of the existing of

exotic particles as relic from the early Universe, as

antimatter and dark matter?

The cosmic rays are associated with the most en-

ergetic events and active objects in the Universe: su-

pernovae explosion, pulsars, relativistic jets, active

galactic nuclei. At least up to about 1015 eV, they

are considered of galactic origin and their accelera-

tion were explained via diffusive shock acceleration

produced by SN (supernova) shock waves propagat-

ing in the interstellar medium. Important informa-

tion about acceleration processes and propagation

through the interstellar medium of the cosmic rays,

as well as their primary sources and secondary pro-

ductions, are obtained measuring their chemical com-

position and energy spectra under the knee. The re-

cent CREAM and ATIC results for proton and helium

seem to challenge the current paradigms, requiring

more complex processes of acceleration and propaga-

tion of cosmic rays to explain the spectral structures

observed in energy spectra. At medium energy, the

study is focused on the search of antimatter content.

This search of antimatter is instead strictly connected

with the baryon-antibaryon asymmetry in the Uni-

verse. Therefore, detection of antimatter of primary

origin in cosmic rays would be a discovery of funda-

mental significance. If there was primordial antimat-

ter, antihelium would be the most likely form to be

detected in cosmic rays, likewise in matter primordial

nucleosynthesis in which helium is the next most
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abundant element to hydrogen. The detection of

antinuclei with Z >2 in cosmic rays would provide,

instead, direct evidence of the existence of antistellar

nucleosyntesis.

Close to this question, in the last two decades an-

other one appeared: today we know that the Uni-

verse consists only of 4% of the matter familiar to

us, made of protons, neutrons and electrons. It is

estimated that 73% of what exists in the cosmos is

made up of an invisible and homogenous substance

called dark energy. The last 23% would be com-

posed of particles much different from ordinary mat-

ter, which do not aggregate in celestial bodies, which

do not emit electromagnetic radiation and therefore

not directly visible (dark matter). Among the most

plausible candidates for dark matter there are neu-

tral weakly interacting massive particles (WIMPs),

with a mass ranging between 10s of GeV to TeV. The

lightest neutralino is a favorite candidate in R-parity

conserving supersymmetric models. The neutralino

arises naturally in supersymmetric extensions of the

standard model, and it has the attractive feature of

giving a relic density adequate to explain cosmolog-

ical dark matter in a large region of the parameter

space. Neutralinos are Majorana fermions and can

annihilate each other in the halo, resulting in the sym-

metric production of particles and antiparticles; the

latter provide an observable signature that will ap-

pear as a distortion on the secondary fluxes produced

in the interaction between cosmic rays and interstellar

matter. Other models privilege lightest Kaluza-Klein

particles in a Universal Extra Dimension contest.

Antimatter and dark matter signals search had a

great improvement from the first historical discovery

of antiprotons on the top of the atmosphere dates

back to the balloon-borne experiments performed by

Robert Golden and Edward Bogomolov in 1979 [1, 2].

They measured a rate of antiprotons much higher

than expected from interactions of cosmic rays with

the interstellar matter and this results had been in-

terpreted in terms of very distant large antimatter

domains or products from dark matter annihilation.

Many other experiments followed these pioneer ones,

performed mainly by the WiZard, HEAT and BESS

collaborations on board balloons and by AMS-01 on

board the Shuttle. Although the first historical re-

sults were not confirmed later, the way for a wide re-

search for primary antimatter and dark matter signals

in the cosmic rays was open. It is worth to add that

solar modulation affects the low energy part of the

cosmic ray and plays an important role in the precise

determination of the cosmic rays interstellar energy

spectrum and in the disentangling possible contribu-

tions of dark matter signals from standard antiparti-

cles production. In conclusion, understanding the ori-

gin and the propagation of cosmic rays in the Galaxy

requires the combination of many different observa-

tions over a wide range of energy. New satellite ex-

periments have been devised with the task to mea-

sure at the same time and by the same instrument not

only antiprotons and positrons, but also experimental

parameters included in the astrophysic background

calculation. In June 2006 the first of these satellite,

PAMELA was launched in orbit by a Soyuz-U rocket

from the Bajkonur cosmodrome in Kazakhstan, fol-

lowed in June 2008 from Fermi on satellite and May

2011 from AMS-02 on board the International Space

Station.

2 Pamela Instrument

PAMELA - Payload for Antimatter and Matter

Experiment and Light nuclei Astrophysics - is a gen-

eral purpose charged particle detector, exploring the

particle and antiparticle components of the cosmic

radiation over an energy range between tens of MeV

to many hundreds of GeV. PAMELA was launched

in orbit on board the Russian satellite Resurs DK1

the 15th of June 2006 and inserted in a quasi-polar

(inclination 70◦) low-earth elliptical orbit, at an al-

titude ranging between 350 and 610 km. 16 Giga-

bytes of data are daily transmitted by the satellite

telemetry from PAMELA to the Ground Station in

Moscow. The core of the instrument, shown in Fig-

ure 1, is constituted by a magnetic spectrometer for

particle charge sign determination and rigidity (mo-

mentum/q) measurement. The separation between

electronic and hadronic components of cosmic rays,

if electrons and positrons are selected, is assured at

the order of 105 by an imaging silicon calorimeter, a

neutron detector and a thick scintillator. The general

trigger to the instrument and the measure the time of

flight of particles crossing the spectrometer are given

by a set of scintillators. An additional set of plastic

scintillators in anticoincidence define the acceptance

of the particles inside the spectrometer. Details are

reported in [3].

PAMELA is configured as a particle observatory

at 1 AU. The performance of the instrument, as illus-

trated in Table 1, enable the study of the cosmic ray

production and propagation in our Galaxy by pre-

cise measurements of the absolute fluxes of primary

and secondary light nuclei, the search for dark matter

annihilation in the antiproton and positron channels,

Vol. 12, 168



32nd International Cosmic Ray Conference, Beijing 2011

antihelium (primordial antimatter) and new matter

in the Universe (strangelets?). Other objectives are

the monitoring of the solar activity and cosmic rays

solar modulation, the investigation of the interac-

tion processes of cosmic-rays with the Earth’s mag-

netosphere, the search for low mass (antiprotons and

positrons) antimatter belts around the Earth.

Fig. 1. The PAMELA instrument.

Table 1. PAMELA performance.

Cosmic Ray Particle Energy range

Antiprotons 80 MeV - 180 GeV

Positrons 50 MeV - 300 GeV

Electron/positron up to 1 TeV (by Calorimeter)

Electrons up to 600 GeV

Protons up to 1.2 TV

Light Nuclei (up to Z=6) up to 200 GeV/n He/Be/C

Antiniclei search Sensitivity of O(10−8) in anti-He/He

3 Proton and Helium

The proton and helium energy spectra measured

by PAMELA in the range of energy between 1 GeV

and 1 TeV and 1 GeV and 450 GeV [4], respectively,

are shown in Figure 2. The results are consistent with

those of other experiments, considering the statistical

and systematic uncertainties. The differences at en-

ergies lower than 30 GeV are caused by different solar

modulation effects. In fact, PAMELA was operating

during a period of minimum solar activity.

Fig. 2. Proton and helium absolute fluxes mea-

sured by PAMELA above 1 GeV/n, compared

with a few of the previous measurements. (See

references in [4]).

Fig. 3. Proton (top points) and helium (bottom

points) PAMELA data versus rigidity. The

lines represent the fit with a single power law

and the Galprop and Zatsepin [5] models.

The proton and helium spectra, displayed in Fig-

ure 3 in function of rigidity, have different spectral

shapes. This effect is even more evident in Figure 4,

where the proton-to-helium flux ratio in function of
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rigidity shows a continuous and smooth decrease as

the rigidity increases. By applying a power law ap-

proximation to the two spectra, the ratio allows us

to determine the difference between the two spectral

indices with a smaller associated systematic error giv-

ing as a result:

ΔγR = γR
p −γR

He =0.101±0.0014(stat)±0.0001(sys).

Fig. 4. Ratio of the proton to helium of

PAMELA data versus Rigidity (see [4]).

At 230-240 GV the proton and helium data ex-

hibit an abrupt spectral hardening that could be in-

terpreted as an indication of different populations of

cosmic ray sources. As an example of a multi-source

model, Figure 3 shows a comparison with a calcu-

lation (blue curves) by Zatsepin and Sokolskaya [5],

which was put forward to explain ATIC-2 data [6]

and considered novae stars and explosions in super-

bubbles as additional cosmic-ray sources.

PAMELA is measuring even the hydrogen and he-

lium isotopes in cosmic rays. The absolute fluxes of

deuterium and 3He in the energy range between 120

MeV - 550 MeV and 120 MeV - 800 MeV, respec-

tively, are shown in the Figure 5, while the d/p and
3He/4He ratios are reported in the Figure 6. Deu-

terium and 3He are believed to be of secondary ori-

gin, resulting mainly from the nuclear interactions of

primary cosmic-ray 4He with the interstellar medium.

The interaction mean free path of 2H and 3He is con-

siderably larger than the escape mean free path for

cosmic rays from the Galaxy. For the heavier sec-

ondaries, the escape mean free path is of the same

order or greater than their interaction length. As

a consequence, light secondaries provide information

concerning cosmic-ray interstellar propagation that

is complementary to that obtained from the study

of heavy secondaries, and their precise measurement

could tell if the helium nuclei have the same propa-

gation history as heavier nuclei.

Fig. 5. Absolute fluxes of H, 2H (left), and 4He,
3He (right).

Fig. 6. Ratio 2H/H (left) and 3He/4He (right)

together with data from other experiments.
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4 Antiparticles

Particle and antiparticle identification in

PAMELA is mainly based on the determination

of the rigidity measured by the spectrometer and

the properties of the energy deposit and interaction

topology in the calorimeter. The spillover (protons in

the antiproton sample and electrons in the positron

sample) limits the rigidity interval in which the mea-

surements can be performed. An important source of

background comes from the misidentification of like-

charged particles (electrons in the antiproton sample

and protons in the positron sample). Electron and

positron identification is performed by matching the

momentum measured by the spectrometer and the to-

tal energy measured in the calorimeter, the starting

point and the lateral and longitudinal profiles of the

reconstructed shower, the neutron detector response.

The antiproton energy spectrum and the

antiproton-to-proton flux ratio measured by

PAMELA [7] in the energy interval between 60 MeV

and 180 GeV are shown respectively in Figs. 7 and 8,

along with other recent experimental data and the-

oretical calculations done assuming pure secondary

production of antiprotons during the propagation of

cosmic rays in the galaxy. The PAMELA results

are in agreement with the previous measurements

and in overall agreement with a secondary produc-

tion. The experimental uncertainties are smaller than

the spread in the different theoretical curves and,

therefore, the data provide important constraints on

parameters relevant for secondary production calcu-

lations.

Fig. 7. The antiproton energy spectrum to-

gether with contemporary measurements and

theoretical calculations for a secondary pro-

duction by Donato et al. (dotted and dashed

lines) and Ptuskin et al. (solid line). (See ref-

erences in [7]).

Fig. 8. The antiproton-to-proton flux measured

by PAMELA, compared with contemporary

measurements and theoretical calculations for

a secondary production of antiproton by Si-

mon et al. (dashed lines), Donato et al. (dot-

ted lines), Ptuskin et al. (solid line). (See

references in [7]).

The positron to all electron ratio measured by

the PAMELA experiment in the energy range 1.5 -

100 GeV [8] is given in Figure 9 together with other

experimental results and a calculation for pure sec-

ondary production of positrons during the propaga-

tion of cosmic rays in the Galaxy without reacceler-

ation processes. Two features are clearly visible. At

low energies, below 5 GeV, the PAMELA results are

systematically lower than data collected during the

1990s, while at high energies, above 10 GeV, they

show a positron fraction increasing significantly with

energy. Between 5 GeV and 10 GeV, the PAMELA

Fig. 9. Positron fraction measured by

PAMELA compared with data from other

experiments and a calculation of Moskalenko

and Strong for pure secondary production of

positrons. (See references in [8]).
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positron fraction is compatible with other measure-

ments.

The intriguing excess of positrons in the range 10-

100 GeV has led to many speculations about its ori-

gin, as annihilation of dark matter, decaying dark

matter. The most problematic theoretical challenge

posed by the PAMELA results is the asymmetry be-

tween leptonic (positron fraction) and hadronic (an-

tiproton to-proton ratio), difficult to explain in the

framework in which the neutralino is the dominant

dark matter component. In this case suitable expla-

nation requires a very high mass neutralino which is

unlikely in the context of allowed energy supersymme-

try breaking model. Better explanations are obtained

in terms of direct leptonic annihilation channel for a

wide range of the WIMP mass. It needs to note that

all explanations in terms of dark matter annihilation

request a boost factor for the annihilation standard

rate ranging between 102 to 104.

Another explanation considers a contribution

from nearby and young pulsars, objects well known as

particle accelerators. Primary electrons are acceler-

ated in the magnetosphere of pulsars in the polar cup

and in the outer gap along the magnetic field lines

emitting gamma rays by synchrotron radiation, gam-

mas that in presence of pulsar gigantic magnetic field

can evolve in positron and electron pairs. These, es-

caping into the interstellar medium after one-hundred

thousand years, give a further contribution to the

electron and positron components. This anomalous

increase is explained also in terms of standard sec-

ondary positron production, considering few nearby

solar system SNR or secondary production taking

place in the same region where cosmic rays are be-

ing accelerated. Concerning the lower energy part of

the spectrum, a disagreement between our data and

the previous measurements is interpreted as a conse-

quence of time and charge dependent solar modula-

tion effects. The older results were obtained during

the previous positive polarity of the solar cycle, while

the PAMELA data have been taken during negative

one. The ASEOP balloon borne experiment which

flew in June 2006 has also observed a suppressed

positron fraction at low energies, but with larger sta-

tistical uncertainties [9].

5 Electrons

PAMELA has also detected electrons from 100

MeV to 625 GeV. The energy spectrum already pub-

lished [10] ranges between 1 GeV and 625 GeV and

is shown in Figure 10, along with other recent experi-

mental data. The electron spectrum can be described

by a single power law energy dependence, with spec-

tral index -3.18 ± 0.05 above the energy region influ-

enced by the solar wind (> 30 GeV).

Fig. 10. The electron energy spectrum ob-

tained by PAMELA compared with modern

measurements. (See references in [10]).

No significant spectral features are observed and

the result can be interpreted in terms of conventional

diffusive propagation models. However, the data are

also consistent with models including new cosmic-ray

sources that could explain the rise in the positron

fraction. This is the first time that the spectrum

of electrons of the cosmic rays has been measured

at energies above 50 GeV. The data from Fermi,

HESS, ATIC, BETS and the highest data points

from HEAT refer to the sum of electron and positron

fluxes. Considering statistical and systematic uncer-

tainties, no significant disagreements are found be-

tween PAMELA and the recent ATIC and Fermi

data, even considering an additional positron com-

ponent in these measurements of order a few percent.

However, the PAMELA e− spectrum appears softer

than the (e− + e+) spectra presented by ATIC and

Fermi. This difference is within the systematic un-

certainties between the various measurements, but it

is also consistent with a positron component growing

with energy. The differences with previous magnetic-

spectrometer measurements are larger and probably

due to uncertainties in the energy and efficiencies de-

termination of the various experiments. Below 10

GeV, discrepancies can be partially explained by the

different effects of solar modulation for the various

data taking periods.

6 Solar physics

Beyond the primary objectives reported above,

PAMELA is addressing issues related to solar physics,

such as continuous monitoring of the solar activity

Vol. 12, 172



32nd International Cosmic Ray Conference, Beijing 2011

and the resulting modulation of the galactic cosmic

rays, including the charge sign dependent effect of the

modulation, and the solar energetic particle (SEP)

events. The solar modulation has a significant effect

mostly on CR with rigidities less than about 10 GV.

This modulation has an 11 year cycle, varying from a

period of maximum activity and maximum effect on

CR to a minimum. At each maximum the polarity of

the solar magnetic field reverses. PAMELA has been

operating in these years during the very long 23rd so-

lar minimum, when the magnetic field of the Sun had

an approximately dipolar structure and the effect of

the drift are more relevant, and in phase A−, where

the magnetic dipole projection on the solar rotational

axis and the rotational axis itself are anti-parallel (in

phase A+ are parallel). The low energy galactic pro-

ton fluxes measured in various periods of the mission

during the years 2006-2010, are shown in Figure 11.

The increasing of the proton flux with the decreasing

of the solar activity is clearly visible, in agreement

with the enhancement of the counting rate measured

by the on-ground neutron monitors.

In this five years of operation, PAMELA detected

also a few solar flares. In Figure 12, PAMELA ob-

servation of proton and helium fluxes during the De-

cember 13, 2006, [11] solar particle events are shown.

This is the first direct measurement of solar energetic

particles in space with a single instrument in the en-

ergy range from ∼80 MeV/n up to ∼3 GeV/n. Dur-

ing the first hours of the December 13 event, solar

energetic particles spectra were close to the exponen-

tial form, demonstrating rather significant temporal

evolution.

Fig. 11. Low energy proton flux measured by

PAMELA for different temporal intervals dur-

ing the phase of decreasing activity of the Sun

(2006-2010).

Fig. 12. Proton (top panels) and helium (bottom panels) spectra as measured by PAMELA for the SEP event

of December 13, 2006. Left: absolute fluxes, Right: after subtraction of galactic background. Fluxes are

scaled to improve separation between the curves.
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7 Radiation environment

One of the first measurement performed by

PAMELA was the study of the radiation environment

along the orbit. Due to the precession of the satel-

lite elliptical orbit, PAMELA is performing a detailed

3-dimensional (latitude, longitude, altitude) mapping

of the Van Allen Belts between 350 and 610 km, show-

ing spectral and geometrical features. In Figure 13 a

map of the measured radiation environment is shown.

The high latitude electron radiation belt and proton

belt in the South Atlantic Anomaly are clearly visible.

Finally, in Figure 14 the particle flux measured at

different cut-off regions (expressed in GV/c) is shown.

At the poles, where the cut-off is below the detection

threshold of PAMELA, only the galactic cosmic rays

spectrum is visible. Moving towards lower latitude

regions, the cut-off increases and it is possible to see

two components, the primary (above cut-off particles)

and the secondary (reentrant albedo subcut-off par-

ticles), with the position of the gap increasing with

the increase of the cut-off.

Fig. 13. A 3-dimensional (latitude, longitude,

altitude) mapping of the Van Allen Belts be-

tween 350 and 610 km obtained by PAMELA.

Fig. 14. Proton flux measured by PAMELA in

different cutoff regions.

Another very interesting result obtained by

PAMELA has been the discovery of an antiproton

radiation belt around the Earth. Several theoreti-

cal works foresee the existence of a significant flux

of antiprotons confined to Earth’s magnetosphere.

These antiparticles are produced in nuclear interac-

tions of energetic cosmic rays with the terrestrial at-

mosphere and accumulate in the geomagnetic field at

altitudes of several hundred kilometers. A contribu-

tion from the decay of albedo antineutrons has been

even hypothesized in analogy to proton production

by neutron decay, which constitutes the main source

of trapped protons at energies above some tens of

MeV. In Figure 15, the trapped antiproton energy

spectrum measured by the PAMELA experiment in

the South Atlantic Anomaly (SAA) region for a ki-

netic energy range between 60 MeV and 750 MeV

[12] is shown, together with a measurement of the at-

mospheric sub-cutoff antiproton spectrum. PAMELA

data show that the magnetospheric antiproton flux

in the SAA exceeds the cosmic-ray antiproton flux

by three orders of magnitude at the present solar

minimum, and exceeds the subcutoff antiproton flux

outside radiation belts by four orders of magnitude,

constituting the most abundant source of antiprotons

near the Earth.

Fig. 15. The geomagnetically trapped antipro-

ton spectrum measured by PAMELA in the

SAA region (red full circles). Trapped an-

tiproton predictions by Selesnick et al. for the

PAMELA satellite orbit (solid line), and by

Gusev et al. at L = 1.2 (dotted line). For

comparison, the mean atmospheric undercut-

off antiproton spectrum outside SAA region

(blue open circles) and the galactic CR an-

tiproton spectrum (black squares) measured

by PAMELA are also shown. (See references

in [12]).
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8 Conclusions

PAMELA is a general purpose charged particle

detector exploring the particle and antiparticle com-

ponents of the cosmic radiation over a wide energy

range. It is in orbit since June 2006, daily transmit-

ting 16 Gigabytes of data to ground. The main results

obtained by PAMELA up to now concern the energy

spectra of proton and helium that present features

that challenge the current paradigms on the produc-

tion, acceleration and propagation of cosmic rays in

the Galaxy and the electron energy spectrum, for the

first time measured at energies above 50 GeV. Very

intriguing are the results achieved on the positron

fraction. Above 10 GeV, an increase in the positron

to electron ratio appears, compared as expected from

the standard secondary production. This excess has

been interpreted in terms of standard astrophysics,

either nearby young pulsars or nearby SNR or non-

standard processes in the secondary production of

positrons, or introducing more exotic explanations,

like DM annihilations. In the latter contest, the an-

tiproton absolute flux and the antiproton to proton

ratio measured by PAMELA, that are in agreement

with a standard secondary production, put strong

constraints on DM models, favoring a direct annihila-

tion of dark matter in leptonic channels. Data on the

solar activity and solar modulation of galactic cosmic

rays and the discovery of an antiproton radiation belt

complete the data set of the most important results

of the PAMELA mission.
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