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Introduction
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Solar modulation of Galactic Cosmic Rays (GCR)

-25

-20

-15

-10

-5

 0

 5

 10

M
o

d
u

la
ti

o
n

 a
m

p
li

tu
d

e

Oulu Neutron Monitor

A<0 A>0 A<0 A>0 A<0

 0

 50

 100

 150

 200

S
u

n
s

p
o

t 
n

u
m

b
e

r

 

 

Sunspot number

 0

 50

 100

 150

 200

 0

 20

 40

 60

 80

 

T
il

t 
a

n
g

le
 [

d
e

g
]

 

Tilt angle

-1

 0

 1

1964 1970 1976 1982 1988 1994 2000 2006

p
o

la
r 

M
F

 [
G

]

Year

 

Northern polar region

Southern polar region

H. Moraal / Cosmic ray modulation studies 163 

SW= Solar Wind Convective Flux 
DF= Diffusive Flux 

North DR= Drift Flux 
t ND= Neutral Sheet Drift 

SD= Shock Drift 
olar Drift 
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Figure 2. Meridional projection of a quarter he- 
liosphere showing the major cosmic ray transport 
processes. 

at positions North (South) of this sheet. In the 
intervening l l -year  periods such as from about 
1980 to 1990, these signs are reversed. 

To visualise this drift velocity pattern, it is of 
great help to realise that  the IMF is almost purely 
azimuthal in almost the entire heliosphere. The 
spiral angle between the field and radial direc- 
tions is given by tan¢  = f~rsin0/V, in terms of 
polar angle 0 and angular solar rotation speed ft. 
This spiral angle is smaller than 450 , i.e., the field 
is quasi-radial, only in a cylinder with radius of 
1 AU above the solar poles. If the termination 
shock is placed at 75 AU, this quasi-radial polar 
field cylinder makes up only 0,1% of the entire 
volume of the heliosphere; it is, essentially, just a 
thin polar line. Outside this polar cylinder, the 
dominant azimuthal term of (3) gives for the drift 
velocity (2) the simple expression 

2fiR 1 
Vdri]~ -- 3B0r0 sin0 e0. (4) 

Thus, outside the polar cylinder, the particles fol- 
low almost exact circular drift paths from the po- 
lar regions towards the equatorial plane, with a 

drift speed that  is independent of radial distance. 
Figure 2 shows this drift - for the positive polarity 
state - by the arrows DR. 

At the solar poles (0 = 0 °, 180°), it readily fol- 
lows from (2) and (3) that  the drift velocity is 
purely radial, and that  it increases proportional 
to r 2, becoming very large in the outer hello- 
sphere. The literature is vague on the origin of 
this large polar drift, indicated by the arrow PD 
in Figure 2. It is not some kind of focusing ef- 
fect, but due to the rapid change of the azimuthal 
field at the poles, i.e., due to a term of the form 
O/O0(r sinOB¢/B2). This leads to a typical par- 
ticle trajectory as shown. For an infinitely thin 
polar field cylinder, this drift is, in principle, of 
the same geometric nature as the well-known neu- 
tral sheet drift (ND), where the particles convect 
along the sheet with an average drift speed of 
1/6th the particle speed [3]. The difference is 
that the neutral sheet drift occurs along a plane, 
while the polar drift is along a line. 

Finally, there is the well-known shock drift, SD, 
in the termination shock, due to the factor of four 
compression in the magnetic field, a process re- 
viewed at length in [29]. 

There is no firm concensus yet about the rela- 
tive importance of the various transport mecha- 
nisms in (1), especially that  of drift. This uncer- 
tainty is mainly due to our inability to measure 
the field structure and plasma properties through- 
out the entire heliosphere, and our lack of detailed 
understanding of the microphysics of scattering 
in these fields. This leads to the situation where 
the coefficients (K,V, Vdrilt) in (1) can not be 
treated as known quantities. The best one can 
do then is to search, within reasonable physical 
bounds, for the set of parameters in numerical 
solutions of (1) that explain the available obser- 
vations best. 

K6ta and Jokipii [31, 32] include all the mecha- 
nisms of (1) in a fully three-dimensional, dynam- 
ically self-consistent solution, while Le Roux and 
Potgieter [34, 35, 54] solve the equation in a two- 
dimensional geometry with azimuthal symmetry. 
These realistic models of the modulation have be- 
come quite involved, however, which makes it dif- 
ficult to aquire insight into the relative impor- 
tance of the individual transport mechanisms. 
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Expected behavior for A>0 and A<0-magnetic epoch

I Expected intensity variation
wrt radial distance:
Gradients always positive

I Expected intensity variation
wrt latitude:
Gradients positive or
negative
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Distribution of space probes

I IMP, ACE, Sampex, SOHO,
STEREO, neutron monitors,
and PAMELA (1 AU)

I Ulysses (1.3<R<5 AU,
-80.2◦<θ<80.2◦)

I Voyager 1 (R>100 AU)

I Voyager 2 (R>80 AU)
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Missions and instruments
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The PAMELA experiment
I PAMELA = Payload for Antimatter Matter Exploration and Light-nuclei

Astrophysics

I Satellite-borne apparatus designed to study charged particles, in particular
antiparticles, in the cosmic radiation

the design, space qualification and on-ground performance of PAMELA. The in-orbit performance will be discussed in future
publications.
� 2006 Elsevier B.V. All rights reserved.

1. Introduction

The PAMELA (a Payload for Antimatter Matter Explo-
ration and Light-nuclei Astrophysics) experiment is a satel-
lite-borne apparatus designed to study charged particles in
the cosmic radiation with a particular focus on antiparti-
cles (antiprotons and positrons). PAMELA is installed
inside a pressurized container attached to a Russian Resurs
DK1 earth-observation satellite that was launched into
space by a Soyuz-U rocket on June 15th 2006 from the Bai-
konur cosmodrome in Kazakhstan. The satellite orbit is
elliptical and semi-polar, with an altitude varying between
350 km and 600 km, at an inclination of 70�. The mission is
foreseen to last for at least three years.

The PAMELA mission is devoted to the investigation of
dark matter, the baryon asymmetry in the Universe, cosmic
ray generation and propagation in our galaxy and the solar
system, and studies of solar modulation and the interaction
of cosmic rays with the earth’s magnetosphere. The pri-
mary scientific goal is the study of the antimatter compo-
nent of the cosmic radiation,

• in order to search for evidence of dark matter particle
(e.g. non-hadronic particles outside the Standard
Model) annihilations by precisely measuring the anti-
particle (antiproton and positron) energy spectra;

• in order to search for antinuclei (in particular, anti-
helium);

• in order to test cosmic-ray propagation models through
precise measurements of the antiparticle energy spec-
trum and precision studies of light nuclei and their
isotopes.

Concomitant goals include,

• a study of solar physics and solar modulation during the
24th solar minimum by investigating low energy parti-
cles in the cosmic radiation;

• reconstructing the cosmic ray electron energy spectrum
up to several TeV thereby allowing a possible contribu-
tion from local sources to be studied.

Table 1 shows the design goals for PAMELA perfor-
mance. The various cosmic-ray components and energy
ranges over which PAMELA will provide new results are
presented.

Antiparticle measurements are the main scientific goal
of the experiment. The precise determination of the anti-
proton and positron energy spectra will provide important
information concerning cosmic-ray propagation and solar
modulation. For example, indications of charge dependent

solar modulation effects have been already seen in the anti-
proton to proton ratio data [1]. Antiparticles could also be
produced from exotic sources such as primordial black
holes [2] or the annihilation of supersymmetric [3] or
Kaluza-Klein [4,5] dark matter particles. Figs. 1 and 2
show the current status of cosmic-ray antiproton and
positron energy spectrum measurements, respectively. The-
oretical calculations for pure secondary production [6–9]
and for pure primary production due to the annihilation

Table 1
Design goals for PAMELA performance

Cosmic-ray particle Energy range

Antiprotons 80 MeV–190 GeV
Positrons 50 MeV–270 GeV
Electrons 50 MeV–400 GeV
Protons 80 MeV–700 GeV
Electrons + positrons up to 2 TeV
Light nuclei (up to Z ¼ 6) 100 MeV/n–250 GeV/n

Antinuclei Sensitivity 95% CL

Antihelium/helium ratio of the order of 10�7

Fig. 1. Recent experimental �p spectra (BESS00 and BESS99 [1], AMS
[13], CAPRICE98 [14], BESS95+97 [15], MASS91 [16], CAPRICE94 [17],
IMAX92 [18]) along with theoretical calculations for pure �p secondary
production (solid lines: [6], dashed line: [7]) and for pure �p primary
production (dotted line: [10], assuming the annihilation of neutralinos of
mass 964 GeV/c2). The expected PAMELA performance, in case of a pure
secondary component (full boxes) and of an additional primary compo-
nent (full circles), are indicated. Only statistical errors are included in the
expected PAMELA data.

P. Picozza et al. / Astroparticle Physics 27 (2007) 296–315 297

I Built by the Wizard collaboration (RUS, IT, GER and SWE)

I Launched on 15 June 2006 at Bajkonur

I Polar elliptical orbit, inclination 70.0◦, altitude 350-610 km

I Height ∼1.3 m, total mass 470 kg
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The Ulysses mission
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Kiel Electron Telescope (KET)

I D1, D2:
semiconductor detectors
(0.5mm)

I C1, C2:
Cerenkov detectors
(aerogel/lead)

I S1, S2:
plastic scintillation
detectors

I PM1 - PM4:
photomultiplier

I A:
anticoincidence
(plastic scintillator)

I. Grundlagen der Teilchenmessung 18

bracht ist, und der Elektronikbox (2), in der die analoge und digitale Impulsver-
arbeitung stattfindet.

Abb. I.8: Schematische Darstellung des Detektorsystems (entnommen aus Sierks [28]).
D1 und D2 bezeichnen zwei 500 µm dicke Halbleiterdetektoren, die zusam-
men mit dem Aerogel Čerenkov-Detektor C1 und der Antikoinzidenz A
das Eingangsteleskop bilden. Das Kalorimeter besteht aus dem Čerenkov-
Detektor C2 und dem Szintillationsdetektor S2. Mit PM1 bis PM4 sind die
Photomultiplier gekennzeichnet.

Das Detektorteleskop (Abbildung I.8) besteht aus einem Eingangsteleskop,
das aus zwei Oberflächensperrschicht-Detektoren D1 und D2 sowie einem Čerenkov-
Detektor C1 gebildet wird und einem Kalorimeter C2. An das Kalorimeter
schließt sich zur Erfassung hieraus entweichender Teilchen ein Szintillationszähler
S2 an. Ein Antikoinzidenzszintillator A, der das Eingangsteleskop zylindrisch
umgibt, wirkt als aktiver Kollimator: Er verhindert durch sein Ansprechen die
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Coincidence channels
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Calculation of the gradients

Gieseler et al. Spatial Gradients of GCR Protons Bochum, 13 September 2011



Calculation of the gradients

I Assume that temporal and spatial variations can be separated

I JU(R, t, r , θ)

I JE (R, t, rE , θE )

I Gr (R)

I Gθ(R)

I ∆r=rU−rE
I ∆θ=|θU |−|θE |

- intensity at Ulysses (r , θ) at time t and rigidity R

- intensity measured by PAMELA at Earth

- radial gradient

- latitudinal gradient

- radial distance

- latitudinal distance (assume symmetric distr.)

JU = JE · exp (Gr ·∆r) · exp (Gθ ·∆θ)

⇒ ln

[
JU
JE

]
= Gr ·∆r + Gθ ·∆θ

⇒ 1

∆r
ln

[
JU
JE

]
= Gr + Gθ ·

∆θ

∆r
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Intensity profile (∼1.7 GV protons)

(intensities normalized at the closest approach in 2007)
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Temporal variation
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I t1,t2: Ulysses at comparable position in southern and northern hemisphere

I Assume that the gradients are the same for both periods

JU = JE · exp (Gr ·∆r) · exp (Gθ ·∆θ)

⇒ JU(R, t1, r1, θ1)

JU(R, t2, r2, θ2)
=

JE(R, t1, rE , θE )

JE(R, t2, rE , θE )
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Temporal variation

Gieseler et al. Spatial Gradients of GCR Protons Bochum, 13 September 2011



Calculation of the gradients (∼1.7 GV protons)

(intensities normalized at the closest approach in 2007)

1

∆r
ln

[
JU
JE

]
︸ ︷︷ ︸

=:Y

= Gr + Gθ ·
∆θ

∆r︸︷︷︸
=:X

Y = Gr + Gθ · X
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Calculation of the gradients (∼1.7 GV protons)

Y = Gr + Gθ · X
Gr = (2.7± 0.2)%/AU

Gθ = (−0.024± 0.005)%/degree

χ2/ndf = 1.9
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Calculation of the gradients
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Summary
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Summary

I Investigation period: July 2006 - July 2009 (A<0)

I Proton rigidities: ∼ 1.2 - 1.8 GV
I Radial gradients:

I Within expectations

I Latitudinal gradients:
I Correct trend (Gθ<0) but probably too big
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Work in progress
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Pulse Height Analysis (PHA)

I Energy loss ε in semiconductor detectors (D1, D2) and
number of photons in light detectors (C1, C2, S2) are
transmitted (for a statistical amount of measured particles)

I Calculate from them the pulse height numbers:

n = log (A·ε)−B
C

(A, B, and C are detector and electronic specific constants)
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Abb. II.18: Farbkodierte, gemessene Häufigkeitsverteilung in der (D1-D2) vs. (D1+D2)
Matrix im P190 und A190. Die eingezeichneten Linien geben die Begren-
zungen dreier Protonen- (1-3) und α-Masken (A-C) an.

übersteigen würde. Es soll aber darauf hingewiesen werde, daß die Energieberei-
che trotz dieser Unsicherheit wohldefiniert bleiben.

Unter Berücksichtigung dieser Einschränkungen zeigt Abbildung II.20 die
energieabhängige Responsefunktion RSim

χ (E) des KET in den Koinzidenzkanälen
P190 (oberes Panel) und A190 (unteres Panel) für isotrop einfallende Protonen
und α-Teilchen in den sechs in Abbildung II.18 definierten, sich nicht überla-
gernden Masken. Der Abbildung entnimmt man, daß sich die Responsefunktionen
für energiereiche Protonen und α-Teilchen nicht mehr durch Rechteckfunktionen
nähern lassen. Vielmehr ergeben sich lange Ausläufer zu hohen Energien hin.
In Tabelle II.5 sind die charakteristischen Kenngrößen G, 〈E〉 und σ〈E〉 für
E>125 MeV/n Protonen und α-Teilchen in den verschiedenen Masken aufgeli-
stet. Zusätzlich zu den in Abbildung II.18 definierten Masken 1-3 und A-C
werden zwei weitere Masken 4 und D eingeführt.

Gieseler et al. Spatial Gradients of GCR Protons Bochum, 13 September 2011



Helium
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Redefining PHA-energy conversion

I Take quiet time measurements and
GEANT3 simulation

I Fold simulation (E0) with
corresponding forcefield spectrum

I Calculate χ2 as qualitative
difference between both curves

I Run over set of conversion
parameters and minimize χ2
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Redefining PHA-energy conversion

D1:
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