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Cosmic rays as new energy frontier
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Truth reestablished 
(but merit stolen) 

• In 1926, however, Millikan and 
Cameron carried out absorption 
measurements of the radiation 
at various depths in lakes at 
high altitudes 
– They reproduced Pacini’s depth 

effect, and they concluded that 
these particles shoot through 
space equally in all directions, 
calling them “cosmic rays” 

– In the conclusive Phys. Rev. article, 
they ignored Wulf, Gockel, Pacini, 
Hess 

• Millikan was handling with 
energy and skill the 
communication with media, 
and in the US the discovery of 
cosmic rays became, according 
to the public opinion, a success 
of American science 
– Millikan argued that the cosmic 

rays were the “birth cries of 
atoms” in our galaxy 

A. De Angelis 2012 24 

Arthur Compton 
organized a world  
wide survey of the 
dependence of cosmic 
intensity on geomagnetic 
latitude.  

31 A. De Angelis 2012 
Arthur Compton

Robert Millikan

(1928)
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The birth of high-energy particle physics
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Discovery of the pion (1947)
Crisis resolved by the discovery of the pion by Lattes, Murihead, Occhialini and 
Powell (and “Mrs. I. Roberts”?)  

pi -> mu + nu_mu

1947: discovery of pion by 
Lattes, Murihead, Occhialini 
and Powell

Early Evidence of Muons (1936)
Cloud chamber observations of cosmic rays 

S. Neddermeyer & C. Anderson 

Charged particle moving in B-field:  
R = mv / qB

- Measure range and radius 
- Infer value of m / q

Found events with range and R 
values that did not match m / q for 
the electron or the proton 

1936: discovery of muon 
(initially mistaken as pion) 
by Anderson and Neddermeyer

Wilson Cloud Chambers

- Invented in 1911 by Charles Wilson
- Adiabatic expansion causes 

condensation
- Geiger-Mueller counter triggers

Cloud Chamber: ionizing particles pass through a gas, leaving 
a trial of ionized gas particles. Water vapor condenses on the 
ion trail

1911: cloud chamber by Wilson

1932: discovery of positron by Anderson

1947: discovery of kaon, 
the first strange particle, by Rochester & Butler

1951: discovery of Λ, 
the first strange baryon, by Armenteros et al.




Extensive cosmic ray showers (Auger et al. 1936)
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Pierre Auger

Paul Ehrenfest

Cascade in a cloud chamber 
at 3027 m altitude (~10 GeV)

Primary particle energies 
exceeding 106 GeV = 1015 eV



Particle accelerator development
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Cyclotron (1931) 
Ernest Orlando Lawrence 
(Nobel prize 1939) 

Acceleration by 2kV 
max. energy 80 keV

1932: 27-inch cyclotron: 3 MeV protons

1939: 60-inch cyclotron: 20 MeV protons

1952: Cosmotron: 3 GeV (Brookhaven) 
1954: Bevatron: 6 GeV (Berkeley) 
1957: Synchrophasotron: 10 GeV (Dubna) 
1960: Brookhaven AGS: 33 GeV 
1967: U-70: 70 GeV (Serpukhov) 



Cosmic rays of ultra-high energy – 1020 eV

7

E = 1020 eV

Energy conservation:

1.6 GeV / charged particle, 
overall estimate robust

Cascade of secondary particles: 
extensive air shower

E0

 Scintillator 
AGASA event, E ~1.7 – 2.6 1020 eV 
(AGASA, PRL 73 (1994) 3491) 

OMG event, E ~3.2 1020 eV 
(Fly’s Eye, ApJ 441 (1995) 144) 

Amaterasu event, E ~2.4 1020 eV 
(TA, Science 382 (2023) 903)



Ultra-high-energy cosmic rays – 1020 eV
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Ultra High Energy Cosmic Rays - Accelerators

! need ILC (35 MV/m)

L= diameter of Saturn orbit

! alternatively built LHC around

Mercury orbit

! astrophysical shock

acceleration less efficient...

 Need accelerator of size of the orbit of the planet 
 Mercury to reach 1020 eV with LHC technology

(Unger, 2006)

Large Hadron Collider (LHC),  
27 km circumference,  
superconducting magnets

�BMagnetic field Particle on circular orbit

~v
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Fixed target vs. collider setup
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1 Accelerators for Particle Physics 11

Applications of accelerators

The concepts discussed so far were rather general and also apply to accelera-
tors used in applications other than particle physics.

Worldwide, there are more than 20 000 accelerators in use. Compared to
the high energy particle accelerators most of these are very small machines
used for industrial applications and medicine [13]. More information on ac-
celerators for applications can be found in [14, 15].

The remainder of this text is on the concepts which are more specifically
of interest for applications in particle physics and in particular relevant for
reaching high energies and rates in particle collisions.

1.8 Fixed target accelerators and colliders

We now distinguish between two types of accelerators depending on the use
of the accelerated particles for high energy physics.

The first type is the fixed-target accelerator, in which a beam of particles
is extracted at the end of the acceleration to hit a target. The second type
is the collider, in which two beams of high energy particles are brought into
collisions. Both types are illustrated in Fig. 1.7 for ring accelerators. The same
distinction also applies to linear accelerators.

Target

mT

Ecm ≈ � 2Eb mT c2

Beam 1 Beam 2

Ecm =�2Eb

Fig. 1.7. Fixed target and collider rings

The energy available in particle collisions to produce new particles is the
center of mass energy ECM =

√
s, where s is the total four momentum squared.

It can conveniently be calculated using the 4-vector notation of high energy
physics (with units of c = 1). The energy/momentum 4-vector of beam 1
is p1 = (Eb,p). In case of a symmetric collider, the second beam has p2 =
(Eb,−p). In the fixed target case instead, the second (target) particle is at
rest, p2 = (mT ,0) The four momentum relations for the two cases are

Scaling of interaction energies
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Elab ⇡
E2

c.m.

2mp

18 Helmut Burkhardt

so that

(
dp

dt

)2

− β2

(
dp

dt

)2

= ṗ2(1 − β2) =
ṗ2

γ2
and P =

e2

6πϵ0m2c3
ṗ2 . (1.22)

The two terms nearly cancel, resulting in a suppression by a factor of γ2. As
numerical example, we take the highest acceleration gradient of 100MV/m
from Table 1.1 and find, that the power loss is only 11keV/s or 0.4 eV loss
for a 1 TeV, 10 km long CLIC like machine. Synchrotron radiation in linear
acceleration is negligible.

Now the second case, of motion on a circular path in a ring. At constant
energy, the motion on a circular path in a ring implies that we have an ac-
celeration perpendicular to the velocity v ⊥ v̇. The second term is zero (at
constant energy the magnitude of the momentum is also constant). There is
no cancellation and we get a significant effect :

(
dp

dt

)2

− β2
( dp

dt
︸︷︷︸

0

)2

= ṗ2 and P =
e2

6πϵ0m2c3
γ2 ṗ2 . (1.23)

For the circular motion in the uniform magnetic field we have from the Lorentz
force and Newton’s law that

F = |ṗ| = evB =
vp

ρ
=

mγv2

ρ
. (1.24)

We find that the power radiated by circular motion in a uniform magnetic
field increases with the fourth power of γ

P =
e2v4

6πϵ0c3 ρ2
γ4 . (1.25)

We multiply this with the time it takes to complete one turn T = 2πρ/v and
find that the energy loss of a particle by synchrotron radiation over one turn
is

U0 =
e2

3ϵ0

β3γ4

ρ
∝

1

ρ

E4

m4
where

e2

3ϵ0
= 6.032 × 10−9 eV m . (1.26)

A practical limit was reached with electrons at LEP at beam energies
around 100GeV, corresponding to a Lorentz factor γ ≈ 2×105 when 3% of the
particle energy was lost on a single turn. More details and further references
can be found in review articles on LEP [22–25]. Accelerator physics aspects
are summarized in [26] and the RF-system in [27].

Colliders for the TeV range require either the use of heavier particles like
protons in a ring or the use of linear colliders.

Synchrotron energy loss

Fixed target: Forward direction (beam fragmentation) covered by detectors 
Colliders: Beam direction measurements very challenging (if not impossible)
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Flux of cosmic rays
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Composition 

85%  H nuclei (protons) 
12%  He nuclei 
  1%  heavier nuclei 

  2%  electrons and positions 

0.01 - 0.001% antiprotons 
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Flux of cosmic rays

Composition 

85%  H nuclei (protons) 
12%  He nuclei 
  1%  heavier nuclei 

  2%  electrons and positions 

0.01 - 0.001% antiprotons 
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Flux approximately power law

dN
dEd�dAdt

⇤ E�⇥

Energy spectrum of all-particle flux (energy per particle)

� � 2.7 1011 eV < E < 1015.5 eV
� 3.1 1015.5 eV < E < 1018.5 eV



Power laws are common in nature (i)
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FIG. 4 Cumulative distributions or “rank/frequency plots” of twelve quantities reputed to follow power laws. The distributions
were computed as described in Appendix A. Data in the shaded regions were excluded from the calculations of the exponents
in Table I. Source references for the data are given in the text. (a) Numbers of occurrences of words in the novel Moby Dick
by Hermann Melville. (b) Numbers of citations to scientific papers published in 1981, from time of publication until June
1997. (c) Numbers of hits on web sites by 60 000 users of the America Online Internet service for the day of 1 December 1997.
(d) Numbers of copies of bestselling books sold in the US between 1895 and 1965. (e) Number of calls received by AT&T
telephone customers in the US for a single day. (f) Magnitude of earthquakes in California between January 1910 and May 1992.
Magnitude is proportional to the logarithm of the maximum amplitude of the earthquake, and hence the distribution obeys a
power law even though the horizontal axis is linear. (g) Diameter of craters on the moon. Vertical axis is measured per square
kilometre. (h) Peak gamma-ray intensity of solar flares in counts per second, measured from Earth orbit between February
1980 and November 1989. (i) Intensity of wars from 1816 to 1980, measured as battle deaths per 10 000 of the population of the
participating countries. (j) Aggregate net worth in dollars of the richest individuals in the US in October 2003. (k) Frequency
of occurrence of family names in the US in the year 1990. (l) Populations of US cities in the year 2000.

(M. Newman cond-mat/0412004)
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Power laws, Pareto distributions and Zipf’s law

M. E. J. Newman

Department of Physics and Center for the Study of Complex Systems, University of Michigan, Ann Arbor,
MI 48109. U.S.A.

When the probability of measuring a particular value of some quantity varies inversely as a power
of that value, the quantity is said to follow a power law, also known variously as Zipf’s law or the
Pareto distribution. Power laws appear widely in physics, biology, earth and planetary sciences,
economics and finance, computer science, demography and the social sciences. For instance,
the distributions of the sizes of cities, earthquakes, solar flares, moon craters, wars and people’s
personal fortunes all appear to follow power laws. The origin of power-law behaviour has been
a topic of debate in the scientific community for more than a century. Here we review some of
the empirical evidence for the existence of power-law forms and the theories proposed to explain
them.

I. INTRODUCTION

Many of the things that scientists measure have a typ-
ical size or “scale”—a typical value around which in-
dividual measurements are centred. A simple example
would be the heights of human beings. Most adult hu-
man beings are about 180cm tall. There is some varia-
tion around this figure, notably depending on sex, but we
never see people who are 10cm tall, or 500cm. To make
this observation more quantitative, one can plot a his-
togram of people’s heights, as I have done in Fig. 1a. The
figure shows the heights in centimetres of adult men in
the United States measured between 1959 and 1962, and
indeed the distribution is relatively narrow and peaked
around 180cm. Another telling observation is the ratio of
the heights of the tallest and shortest people. The Guin-
ness Book of Records claims the world’s tallest and short-
est adult men (both now dead) as having had heights
272cm and 57cm respectively, making the ratio 4.8. This
is a relatively low value; as we will see in a moment,
some other quantities have much higher ratios of largest
to smallest.

Figure 1b shows another example of a quantity with
a typical scale: the speeds in miles per hour of cars on
the motorway. Again the histogram of speeds is strongly
peaked, in this case around 75mph.

But not all things we measure are peaked around a typ-
ical value. Some vary over an enormous dynamic range,
sometimes many orders of magnitude. A classic example
of this type of behaviour is the sizes of towns and cities.
The largest population of any city in the US is 8.00 mil-
lion for New York City, as of the most recent (2000) cen-
sus. The town with the smallest population is harder to
pin down, since it depends on what you call a town. The
author recalls in 1993 passing through the town of Mil-
liken, Oregon, population 4, which consisted of one large
house occupied by the town’s entire human population,
a wooden shack occupied by an extraordinary number
of cats and a very impressive flea market. According to
the Guinness Book, however, America’s smallest town is
Duffield, Virginia, with a population of 52. Whichever
way you look at it, the ratio of largest to smallest pop-

ulation is at least 150 000. Clearly this is quite different
from what we saw for heights of people. And an even
more startling pattern is revealed when we look at the
histogram of the sizes of cities, which is shown in Fig. 2.

In the left panel of the figure, I show a simple his-
togram of the distribution of US city sizes. The his-
togram is highly right-skewed, meaning that while the
bulk of the distribution occurs for fairly small sizes—
most US cities have small populations—there is a small
number of cities with population much higher than the
typical value, producing the long tail to the right of the
histogram. This right-skewed form is qualitatively quite
different from the histograms of people’s heights, but is
not itself very surprising. Given that we know there is a
large dynamic range from the smallest to the largest city
sizes, we can immediately deduce that there can only
be a small number of very large cities. After all, in a
country such as America with a total population of 300
million people, you could at most have about 40 cities the
size of New York. And the 2700 cities in the histogram
of Fig. 2 cannot have a mean population of more than
3 × 108/2700 = 110 000.

What is surprising on the other hand, is the right panel
of Fig. 2, which shows the histogram of city sizes again,
but this time replotted with logarithmic horizontal and
vertical axes. Now a remarkable pattern emerges: the
histogram, when plotted in this fashion, follows quite
closely a straight line. This observation seems first to
have been made by Auerbach [1], although it is often at-
tributed to Zipf [2]. What does it mean? Let p(x) dx
be the fraction of cities with population between x and
x + dx. If the histogram is a straight line on log-log
scales, then ln p(x) = −α lnx+ c, where α and c are con-
stants. (The minus sign is optional, but convenient since
the slope of the line in Fig. 2 is clearly negative.) Taking
the exponential of both sides, this is equivalent to:

p(x) = Cx−α, (1)

with C = ec.
Distributions of the form (1) are said to follow a power

law. The constant α is called the exponent of the power
law. (The constant C is mostly uninteresting; once α
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FIG. 4 Cumulative distributions or “rank/frequency plots” of twelve quantities reputed to follow power laws. The distributions
were computed as described in Appendix A. Data in the shaded regions were excluded from the calculations of the exponents
in Table I. Source references for the data are given in the text. (a) Numbers of occurrences of words in the novel Moby Dick
by Hermann Melville. (b) Numbers of citations to scientific papers published in 1981, from time of publication until June
1997. (c) Numbers of hits on web sites by 60 000 users of the America Online Internet service for the day of 1 December 1997.
(d) Numbers of copies of bestselling books sold in the US between 1895 and 1965. (e) Number of calls received by AT&T
telephone customers in the US for a single day. (f) Magnitude of earthquakes in California between January 1910 and May 1992.
Magnitude is proportional to the logarithm of the maximum amplitude of the earthquake, and hence the distribution obeys a
power law even though the horizontal axis is linear. (g) Diameter of craters on the moon. Vertical axis is measured per square
kilometre. (h) Peak gamma-ray intensity of solar flares in counts per second, measured from Earth orbit between February
1980 and November 1989. (i) Intensity of wars from 1816 to 1980, measured as battle deaths per 10 000 of the population of the
participating countries. (j) Aggregate net worth in dollars of the richest individuals in the US in October 2003. (k) Frequency
of occurrence of family names in the US in the year 1990. (l) Populations of US cities in the year 2000.

(M. Newman cond-mat/0412004)
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telephone customers in the US for a single day. (f) Magnitude of earthquakes in California between January 1910 and May 1992.
Magnitude is proportional to the logarithm of the maximum amplitude of the earthquake, and hence the distribution obeys a
power law even though the horizontal axis is linear. (g) Diameter of craters on the moon. Vertical axis is measured per square
kilometre. (h) Peak gamma-ray intensity of solar flares in counts per second, measured from Earth orbit between February
1980 and November 1989. (i) Intensity of wars from 1816 to 1980, measured as battle deaths per 10 000 of the population of the
participating countries. (j) Aggregate net worth in dollars of the richest individuals in the US in October 2003. (k) Frequency
of occurrence of family names in the US in the year 1990. (l) Populations of US cities in the year 2000.

(M. Newman cond-mat/0412004)

8 Power laws, Pareto distributions and Zipf’s law

minimum exponent
quantity xmin α

(a) frequency of use of words 1 2.20(1)

(b) number of citations to papers 100 3.04(2)

(c) number of hits on web sites 1 2.40(1)

(d) copies of books sold in the US 2 000 000 3.51(16)

(e) telephone calls received 10 2.22(1)

(f) magnitude of earthquakes 3.8 3.04(4)

(g) diameter of moon craters 0.01 3.14(5)

(h) intensity of solar flares 200 1.83(2)

(i) intensity of wars 3 1.80(9)

(j) net worth of Americans $600m 2.09(4)

(k) frequency of family names 10 000 1.94(1)

(l) population of US cities 40 000 2.30(5)

TABLE I Parameters for the distributions shown in Fig. 4.
The labels on the left refer to the panels in the figure. Expo-
nent values were calculated using the maximum likelihood
method of Eq. (5) and Appendix B, except for the moon
craters (g), for which only cumulative data were available. For
this case the exponent quoted is from a simple least-squares fit
and should be treated with caution. Numbers in parentheses
give the standard error on the trailing figures.

And the data for the numbers of copies of books sold
cover rather a small range—little more than one decade
horizontally. Nonetheless, one can, without stretching
the interpretation of the data unreasonably, claim that
power-law distributions have been observed in language,
demography, commerce, information and computer sci-
ences, geology, physics and astronomy, and this on its
own is an extraordinary statement.

B. Distributions that do not follow a power law

Power-law distributions are, as we have seen, impres-
sively ubiquitous, but they are not the only form of broad
distribution. Lest I give the impression that everything
interesting follows a power law, let me emphasize that
there are quite a number of quantities with highly right-
skewed distributions that nonetheless do not obey power
laws. A few of them, shown in Fig. 5, are the following:

(a) The abundance of North American bird species,
which spans over five orders of magnitude but is
probably distributed according to a log-normal. A
log-normally distributed quantity is one whose log-
arithm is normally distributed; see Section IV.G
and Ref. [32] for further discussions.

(b) The number of entries in people’s email address

instance in the discussion of the distribution of the sizes of elec-
trical blackouts [30, 31]. These however I consider insufficiently
substantiated for inclusion in the present work.
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FIG. 5 Cumulative distributions of some quantities whose
distributions span several orders of magnitude but that
nonetheless do not follow power laws. (a) The number of
sightings of 591 species of birds in the North American Breed-
ing Bird Survey 2003. (b) The number of addresses in the
email address books of 16 881 users of a large university com-
puter system [33]. (c) The size in acres of all wildfires occur-
ring on US federal land between 1986 and 1996 (National Fire
Occurrence Database, USDA Forest Service and Department
of the Interior). Note that the horizontal axis is logarithmic
in frames (a) and (c) but linear in frame (b).

books, which spans about three orders of magni-
tude but seems to follow a stretched exponential.
A stretched exponential is curve of the form e−axb

for some constants a, b.

(c) The distribution of the sizes of forest fires, which
spans six orders of magnitude and could follow a
power law but with an exponential cutoff.

This being an article about power laws, I will not discuss
further the possible explanations for these distributions,
but the scientist confronted with a new set of data having
a broad dynamic range and a highly skewed distribution
should certainly bear in mind that a power-law model is
only one of several possibilities for fitting it.

III. THE MATHEMATICS OF POWER LAWS

A continuous real variable with a power-law distribu-
tion has a probability p(x) dx of taking a value in the
interval from x to x + dx, where

p(x) = Cx−α, (7)
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Outline of lectures

17

- Cosmic rays below the knee – direct measurements


- Physics of extensive air showers


- Discussion and exercises (topics to be decided)


- Cosmic rays of very high energy – indirect measurements



Flight altitude 30-35 km

Detector weight 
limited to < 3 tons

140 m (max)

175 m

70 m

170 m

260 m

Long-duration balloon flights

18



Flux at low energy
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Geomagnetic cutoff and East-West effect
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Earth's magnetic field

East-West effect

Vicinity of poles: B ≈ 60 μT 
Equator:             B ≈ 30 μT

Radius of curvature 
smaller than radius of Earth

RL = 3�103
�

E
GeV

⇥�
µT
ZB

⇥
km

q = Ze

FL = qvBLorentz force

Inertial force

Charge

Rigidity

RL =
p

ZeB
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Lamor radius
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Flux at low energy
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Solar modulation of cosmic flux
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Long Term Solar Modulation

,Pierre-Simon Mangeard (mangeard@udel.edu) 18-20 September 2024 The Neutron Monitor Network 7

Solar modulation – observations
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Differential rotation of sun: reversal of mag. field every 
11 years (full period 22 years)

14

Interstellar CR spectra

NASA/JPL-Caltech/Johns Hopkins APL

Leaving heliosphere

Voyager 1 in 2012

Voyager 2 in 2018

Heliosphere

New Horizons (2020)

New Horizons, Nature Astronomy 4 (2020) 675

15

Interstellar CR fluxes

ApJ 831 (2016) 18

Voyager 1 & 2 counting rates near HPX

b. Anomalous CRs (mostly solar system H)

Voyager 1: two jumps before HPX due to

interstellar flux invasions

Fluxes are stable after HPX

Voyager 1 counting rate (mainly protons > 70 MeV)

Heliopause crossing is marked with HPX

11-year solar cycle is clearly seen in data before 1995

Interstellar flux observed 
by Voyager 1 satellite



AMS 02

Payload Commander 
Andreas Sabellek (KIT)

Launch: May 16, 2011

24

Permanent magnet 
spectrometer



Fluxes of individual elements

25

Power law also found for individual elements, 
index of power law almost identical 
(but important differences like p/He)

(Review of PDG, 2022 & 2023)

2 30. Cosmic Rays

Figure 30.1: Fluxes of nuclei of the primary cosmic radiation in particles per energy-per-nucleus
are plotted vs energy-per-nucleus using data from Refs. [1–15] The inset shows the H/He ratio as
a function of rigidity [1, 3].

11th August, 2022

Direct measurement of cosmic rays 
by balloon-borne detectors or satellites

3 30. Cosmic Rays
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Figure 30.2: CR abundances compared with solar system ones [58]. Modified from [31].

extra-galactic origin, this would result in a gamma-ray flux from objects like the Large Magellanic
Cloud exceeding observations [40]. Direct and indirect observations therefore also largely refer to
galactic/extra-galactic sources, respectively. CRs with energies in excess of 1 EeV are referred to
as ultra-high energy cosmic rays (UHECRs).

Sources of non-thermal electromagnetic radiation are routinely observed, see Sec. 30.3, yet
the dominant source of locally measured CRs have not been unambiguously identified. Source
candidates are typically associated with endpoints of stellar evolution or supermassive black holes
that release large amounts of gravitational or rotational energy [41]. In the Galaxy, the prime
candidates are supernova remnants [42] where particles can be shock-accelerated by their blast
waves [43]. Other candidates are star cluster winds [44,45], stellar wind binaries, micro quasars [46]
(a source powered by accretion from a donor star onto a stellar mass black hole) or even the Galactic
Center [47]. The candidate sources for extra-galactic CRs are Active Galactic Nuclei (AGN) [48],
specifically blazars and radio galaxies, gamma-ray bursts [49], starburst galaxies [50,51], pulsars [52]
and magnetars [53]. These objects exhibit power-law spectra in electromagnetic radiation, albeit
in limited wavelength ranges. The acceleration mechanisms considered in the literature are shock
acceleration [43], stochastic acceleration [54], and reconnection [55]. A fundamental constraint
on the maximum energy, the so-called Hillas criterion [56], follows from the requirement that the
gyroradius must be smaller than the source size.

In the Milky Way, the dominant process in CR transport is di�usion as evidenced by the small
anisotropies in CR arrival directions and by certain abundance ratios of nuclear species. This
di�usive transport bears some resemblance with heat transport in that it smooths the spatial
distribution of CRs. However, in contrast to heat transport, CR di�usion is not due to collisions,
but interactions with turbulent magnetic fields. Generally, CRs interact “resonantly” with plasma
waves, that is they get a�ected only by waves with a wavelength similar to the gyroradius of the CR
particle. If this condition is satisfied, a CR particle will be deflected by the Lorentz force. Many
random deflections lead to a random walk in space, that is di�usion [57].

There is a number of other processes contributing to the transport of charged CRs: momentum
losses, i.e. radiative losses for electrons and positrons [59], ionization and Coulomb losses for nuclei,
electrons and positrons [60]; spallation, that is production of (mostly) lighter nuclei by inelastic

1st December, 2023

Similar to solar element abundance, but important differences



Galaxy and galactic magnetic fields
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1 pc = 3.26 ly =  3.08 1016 m

Magnetic field not well known, 
B = 3 µG = 30 nT close to Solar System

disk

Galactic
Center

halo

15 kpc
300 pc

Sun

8.5 kpc2-4 kpc

RL ⇥ 1pc�
�

E
1015 eV

⇥�
µG
ZB

⇥
Coherent and turbulent magnetic fields 
(of similar strength)

(astronomy.stackexchange.com)

http://astronomy.stackexchange.com


Galaxy and galactic magnetic fields
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1 pc = 3.26 ly =  3.08 1016 m

Magnetic field not well known, 
B = 3 µG = 30 nT close to Solar System

disk

Galactic
Center

halo

15 kpc
300 pc

Sun

8.5 kpc2-4 kpc

Coherent and turbulent magnetic fields 
(of similar strength)

Geschichte Spektrum mögliche Quelle Zusammenfassung I Experimente Zusammenfassung II + Ausblick Literatur

galaktische Magnetfelder

SN als Quelle von KS verursacht ein Spektrum mit � =2
Diffusion der Teilchen aufgrund der Magnetfelder
kein Entweichen der Teilchen� kein Energieverlust�
quadratische Abhängigkeit auf der Erde messbar

Diffusion: random walk, 
distance scales ~ (time)2

Cosmic-Ray Modulation Equations

Fig. 1 Charged particle motion in a magnetic field. (a) In a uniform magnetic field the particle has a spiral
orbit with a gyroradius rg = P/Bc. (b) When the field is non-uniform the particle drifts away from a field
line due to the gradient and curvature of the field. (c) When a particle meets a kink in the field that has a scale
length ≫ rg , all particles will progress through the kink (but they may drift to adjacent field lines while doing
so). (d) Likewise, if rg ≫ scale size of the kink, all particles will pass through it without being affected much.
(e, f, g) When rg ≈ scale size of the kink, it depends on the gyrophase of the motion when the particles starts
to feel the kink whether it will go through the kink (e), be reflected back (f), or effectively get stuck in the
kink (g). This process is called pitch-angle scattering along the field. (h) When particles meet such a kink,
there is also a scattering in phase angle, which leads to scattering across the field lines, but such that κ⊥ ≪ κ∥

a circle with radius rg = mv/(qB) = p/(qB). This implies that the gyroradius depends on
two particle properties, namely its momentum and charge. For this reason we introduce the
concept of rigidity, defined as P = p/q . Then rg = P/B , which says that the gyroradius
depends on only one particle property and on the field strength.

The SI-units of rigidity are kg m s−1 C−1 or J s m−1 C−1, and this is cumbersome to use.
It can be translated into the much more useful unit of Volt (V) by noting from (1) that pc
has the same units as E. Thus, if one rather defines rigidity as P = pc/q , it has dimensions
of energy per unit charge, or potential. If energy (and pc) is expressed in eV, and charge in
terms of the number Z of elementary charges, i.e. q = Ze where e = 1.602 × 10−19 C, then
P has units of Volt (V). Thus, the formal definition of rigidity is

P ≡ pc/(Ze),

with the gyroradius given by rg = P/Bc.
Putting this into (1) gives the relationship P = (A/Ze)2√T (T + 2E0) between the rigid-

ity of a particle and the kinetic energy per nucleon of that particle. Bearing in mind that
m = m0/

√
1 − β2, one gets the universal relationship

P = pc/(Ze) = (A/Ze)
√

T (T + 2E0) = (A/Ze)β(T + E0), (3)



Galactic and extragalactic sources
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38

Karlsruhe, 23-25 Feb. 2005 — Cosmic-rays & Particle Acceleration — E. Parizot (IPN Orsay)

Non rectilinear propagation!Non rectilinear propagation!

! Galactic magnetic field: ~ 3 µG    (3.10-10 T)

! Gyroradius:

1015 eV

1 pc

1018 eV

1 kpc

1021 eV

1 Mpc

B = 3 µG

B

B

Supernova remnant Disk + Galactic halo >> galaxy

!  proton astronomy?
disk

Galactic
Center

halo

15 kpc
300 pc

Sun

8.5 kpc2-4 kpcNo diffusion in Galactic mag. field at very high energy



Power needed to maintain cosmic ray flux
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Assumption: entire galaxy homogeneously filled with cosmic rays

Density of particles for given flux

dN
dEdV

=
4⇥
c

dN
dEd�dAdt

c dt

Z
d� = 4⇥Isotropy

dV

Etot =
Z

dV
Z

dE E · dN
dEdV

Total cosmic ray energy

Psrc = Etot/�esc � 1041erg/s

�esc � 107aMean escape time

PSNR � 1042erg/s

Kinetic energy released in SN explosions

Required power of cosmic ray sources (1 erg = 0.1 µJ)



Cosmic rays from supernova remnants
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SN remnant 1006

20 pc

Distance ~ 2.2 kpc

Observed galactic SN explosions: 
1604 (Kepler) 
1572 (Tycho) 
1181 (Chinese astronomers) 
1054 (Crab nebula) 
1006 (Chinese and Arabian records)

Estimates:  
~3 SN explosions / 100 yrs 
Kinetic energy of ejecta:  ~1051 erg

ASTRONOMY: BAADE AND ZWICKY

the earth could be obtained by taking into account the effect of the red-
shift.

If a super-nova should again occur in our Milky Way system, the
intensity of the cosmic rays would be considerably altered for the period
of a few days. The change in intensity Aa would be

Aa = LT/47r X 1042r2 ergs/cm.2 sec., (7)
where r is measured in units of 1000 L.Y. Numerically the change is of the
order of

AO = 104/r2 ergs/cm.2 sec., (8)
since, according to the preceding paper, 1047 ergs/sec. seems a probable
value of LT. Supposing that the super-nova occurs in the neighborhood
of the center of our own galactic system, that is, r = 30, approximately,
we obtain

Au = 11 ergs/cm.2 sec. 104 a. (9)
If interest in these questions still prevails at that future time, science will
therefore be able to test the correctness of our hypothesis some time
during the next thousand years or so, as the occurrence of a super-nova
in our own system would multiply the intensity of the cosmic rays by
a factor one thousand or more. It also seems quite possible to observe
with cosmic-ray electroscopes the flare-up of a super-nova in one of the
nearer extragalactic nebulae, as for them r = 1000 n, and

Au = 0.01/n2 ergs/cm.2 sec., (10)
where n is a number of the order one. It might in this connection be of
interest to follow up the causes for Regener's4 curious balloon observation
of March 29, 1933.

Furthermore, we recommend that observers of cosmic rays be on the
lookout for short-period systematic increases in the intensity of cosmic
rays in order to determine as accurately as possible the time and the
direction of the maximum intensity. With such data quickly at hand,
astronomers might be able actually to locate the responsible super-nova
in one of our near-by systems. As there are about one thousand nebulae
in the region

0 < n < 10, (11)

one super-nova per year should be expected in this "immediate" neighbor-
hood of ours, producing an intensity increase in the cosmic rays of the
order of one per cent or more for a period of a few days.

C. Additional Remarks.-A more detailed critical discussion of the views

262 PROC. N. A. S.

ASTRONOMY: BAADE AND ZWICKY

Unfortunately, at the present time only a few underexposed spectra
of super-novae are available, and it has not thus far been possible to inter-
pret them.

1 S. I. Bailey, Pop. Astr., 29, 554 (1921).
2 K. Lundmark, Kungi. Svenska Vetensk. Handlingar, 60, No. 8 (1919).
3 Handbuch d. Astrophysik, Vol. VI (Novae).

COSMIC RA YS FROM SUPER-NOVAE
By W. BAADE AND F. ZWICKY

MOUNT WILSON OBSERVATORY, CARNEGIE INSTITUTION OF WASHINGTON AND CALI-
FORNIA INSTITUTE OF TECHNOLOGY, PASADENA

Communicated March 19, 1934

A. Introduction.-Two important facts support the view that cosmic
rays are of extragalactic origin, if, for the moment, we disregard the
possibility that the earth may possess a very high and self-renewing
electrostatic potential with respect to interstellar space.

(1) The intensity of cosmic rays is practically independent of time.
This fact indicates that the origin of these rays can be sought neither in
the sun nor in any of the objects of our own Milky Way.

(2) The decrease in intensity of cosmic rays in equatorial regions has
successfully been explained by assuming that at least a part of the rays
consists of very energetic, positively or negatively charged particles.
These particles must be of extra-terrestrial origin, as otherwise the dis-
tance traversed by them would not be long enough for the earth's magnetic
field to produce the observed dip in intensity at the equator.

From the fact that in the cloud-chamber experiments no protons or
charged particles heavier than electrons have been observed in any con-
siderable number, one might conclude that the corpuscular component of
cosmic rays consists of positive or negative electrons, or both. The
characteristics of the east-west effect indicate that the positively charged'
particles far outnumber the negatives. However, whether or not these
particles are electrons cannot as yet be said with certainty, since the
electrons which are observed in cloud chambers may all be secondary
particles formed in the earth's atmosphere by different primaries.
With the facts mentioned as a beginning it has become customary to

reason approximately as follows. Since none of the objects of our Milky
Way seem to produce any cosmic rays, these rays probably are not emitted
from any of the extragalactic nebulae either, as the spirals among these

VOL. 20, 1934 259

PSNR � 1042erg/s

Kinetic energy released in SN explosions



Vergleich mit Häufigkeit im Sonnensystem
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Diffusive shock (Fermi) acceleration



Fermi’s original work: 
second order accelerationFermi’s 2nd order theory 

for acceleration 
of cosmic rays 

46 A. De Angelis 2012 

Particles scatter on 
moving magnetic clouds



Stochastic acceleration on SN shock fronts
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First order Fermi acceleration
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u2u1

Assumption:  
particles scatter elastically on turbulent mag. fields 

(in rest frame of shock front)

�E =
1
2

m(v+(u1�u2))2� 1
2

mv2

vertical crossing, 
non-relativistic shock speed

�E
E

=
4
3

(u1�u2)
c

Energy-independent relative energy gain 

Factor from averaging over all angles

�E
E
⇥ 2

(u1�u2)
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Expected energy distribution
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Assumption: energy-independent escape probability Pesc per cycle

Energy gain per complete cycle of crossings

Energy after k cycles

Number of particles available for further acceleration
N = N0 (1�Pesc)k

Flux of particles

Numerical values depend on many details

Ideal diffusive shock acceleration yields dN/dE ~ E–2

�E
E

= ⇥

E = E0 �k

N(> E) = const E�� � =� ln(1�Pesc)/ ln⇥

(see Longair’s textbook)
<latexit sha1_base64="M+7M4YzRgbyEGzkVyoc05gAFm/s="></latexit>

a ⇡ 1



Comparison to particle acceleration in heliosphere
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In the intermediate region from ~30 keV/nucleon
to ~30 MeV/nucleon the fluence spectra are a
superposition of many separate "events". Some
examples of these events are illustrated for oxygen in
Figure 2. At energies from ~3 to 30 MeV/nucleon
most of the fluence comes from the largest solar
particle events that occur a few times a year during
solar maximum (e.g., the 11/97 and 4/98 events). A
time-intensity plot of high-energy SEP events
observed by ACE appears in Figure 1 of Cohen et al.
[10]; Figure 3 illustrates how these events contribute

to the 10 MeV/nucleon fluence as a function of time.
Note that over this 3-year period anomalous cosmic
rays make only a very small contribution to the
fluence at 1 AU - the contributions of large SEP
events are considerably greater.
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Figure 2: Illustration of some of the contributions to the
oxygen fluence, including examples of impulsive and
gradual SEP events, CIR-accelerated particles, and
anomalous and galactic cosmic rays.

In the energy range from ~0.1 to 1 MeV/nucleon,
there are important contributions from impulsive solar
flares and from particles accelerated in corotating
interaction regions (CIRs). Although these events are
generally much smaller in size than gradual SEP
events, the impulsive events, in particular, occur much
more frequently. At -0.1 MeV/nucleon there are no
large individual events that dominate - rather, there
appear to be similar contributions from as many as
-100 separate events of various kinds (see Figure 4).

At even lower energies (-10 keV/nucleon to -50
keV/nucleon, measurements with SWICS/ACE have
shown that suprathermal tails on the solar wind are
continuously present [11], but the origin of these tails is
presently a subject of investigation (see discussion
below). At -1 keV/nucleon the intensity of singly-
charged interstellar and inner-source pickup ions is
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average fluxes were integrated. At 10 MeV/nucleon a few
large SEP events contribute more than the continuous
anomalous cosmic ray intensity. At 75 MeV/nucleon the
steady, contribution of galactic cosmic rays is apparent.
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0.1 and 1 MeV/nucleon measured by ULEIS. Note that a large
number of individual events contribute.
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In the intermediate region from ~30 keV/nucleon
to ~30 MeV/nucleon the fluence spectra are a
superposition of many separate "events". Some
examples of these events are illustrated for oxygen in
Figure 2. At energies from ~3 to 30 MeV/nucleon
most of the fluence comes from the largest solar
particle events that occur a few times a year during
solar maximum (e.g., the 11/97 and 4/98 events). A
time-intensity plot of high-energy SEP events
observed by ACE appears in Figure 1 of Cohen et al.
[10]; Figure 3 illustrates how these events contribute

to the 10 MeV/nucleon fluence as a function of time.
Note that over this 3-year period anomalous cosmic
rays make only a very small contribution to the
fluence at 1 AU - the contributions of large SEP
events are considerably greater.

co

4J

1Q'W

to16

10H

1012

1010

108

106

1Q«

100

1

ft rt4

• Contributions to the Oxygen Fluence
= (10^7 to &QQ>

iAr siow 1
r iolar 1
r 1Bnd \» Total
! Fast 1lL(10S7toe>«)
r Solar /̂ iu,
; lfind / ^#^
[ Suprathermal Tail *»»#

r SEPs —— ̂ *»+. ***
= 11S7 .̂ 3<**. %r cm-^% ^5j+ *»^
r 1^°° "*^*^ ^% *%^
\ SEPs *^*"^-*^^** GO
r 11JS7 wr-p -*1* ^ ^ "** v ttjuut
r C10A7-6A10) \6 *'*"x*

r

• 1 1 1 1 ! )

i i|
i

1

1

1

1

1~
|

'I

1

i
i• i
i
i

0.0001 0.001 0.01 0.1 1 10
Kinetic Energy (MeWnucIeon)

100

Figure 2: Illustration of some of the contributions to the
oxygen fluence, including examples of impulsive and
gradual SEP events, CIR-accelerated particles, and
anomalous and galactic cosmic rays.
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there are important contributions from impulsive solar
flares and from particles accelerated in corotating
interaction regions (CIRs). Although these events are
generally much smaller in size than gradual SEP
events, the impulsive events, in particular, occur much
more frequently. At -0.1 MeV/nucleon there are no
large individual events that dominate - rather, there
appear to be similar contributions from as many as
-100 separate events of various kinds (see Figure 4).

At even lower energies (-10 keV/nucleon to -50
keV/nucleon, measurements with SWICS/ACE have
shown that suprathermal tails on the solar wind are
continuously present [11], but the origin of these tails is
presently a subject of investigation (see discussion
below). At -1 keV/nucleon the intensity of singly-
charged interstellar and inner-source pickup ions is
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In the intermediate region from ~30 keV/nucleon
to ~30 MeV/nucleon the fluence spectra are a
superposition of many separate "events". Some
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most of the fluence comes from the largest solar
particle events that occur a few times a year during
solar maximum (e.g., the 11/97 and 4/98 events). A
time-intensity plot of high-energy SEP events
observed by ACE appears in Figure 1 of Cohen et al.
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In the energy range from ~0.1 to 1 MeV/nucleon,
there are important contributions from impulsive solar
flares and from particles accelerated in corotating
interaction regions (CIRs). Although these events are
generally much smaller in size than gradual SEP
events, the impulsive events, in particular, occur much
more frequently. At -0.1 MeV/nucleon there are no
large individual events that dominate - rather, there
appear to be similar contributions from as many as
-100 separate events of various kinds (see Figure 4).

At even lower energies (-10 keV/nucleon to -50
keV/nucleon, measurements with SWICS/ACE have
shown that suprathermal tails on the solar wind are
continuously present [11], but the origin of these tails is
presently a subject of investigation (see discussion
below). At -1 keV/nucleon the intensity of singly-
charged interstellar and inner-source pickup ions is
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(Mewald, AIP Cof. proc 598, 2001)



Maximum particle energy
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Astrophysical plasmas: no static electric fields (charges are free to travel)

Classic acceleration by electric field

Faraday’s law: changing magnetic fields produce electric field

<latexit sha1_base64="q75kaKwdjuWoxpi8n4S/Tz54ZQ8="></latexit>

~— ·~E = 4p r = 0
<latexit sha1_base64="bpnNlw/+/joh3GlcWAf89F520wo="></latexit>

~—⇥~E =�1
c

∂~B
∂t

<latexit sha1_base64="fFpDWCQWuOW4Vw5TTCDO3uMly84="></latexit>

~E

<latexit sha1_base64="yuvnQAwEoKC6txraKO1kDJVJzWE="></latexit>

~B

<latexit sha1_base64="0oHF5Hsqwmavu3gfWXO4vGUhwEk="></latexit>

~uLorentz transformation Electric field 
in lab. frame

<latexit sha1_base64="0GZ8WDjbz/L2hJlub+xLk9Sg380="></latexit>

~E =�~u
c
⇥~B

<latexit sha1_base64="XCzwNekc0tUSKpYlOSfLuwgySxo="></latexit>

Ep,max = qL
u
c

B = bs qLBHillas criterion

(after S. Gabici, KSETA 2024)

<latexit sha1_base64="YnGdQMxtxV51TIt6jZUczX8W70s="></latexit>

Ep,max = qL |~E|
<latexit sha1_base64="Yewe6bjC7BSwEKmRx7ftGxEjul8="></latexit>

L

<latexit sha1_base64="pjmoMUAw3Co/Y8HJbcLgNFdT43M="></latexit>

Ep,max = 3⇥1012Z
✓

B
µG

◆✓
u

1000km/s

◆✓
L
pc

◆
eV



Maximum particle energy
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Astrophysical plasmas: no static electric fields (charges are free to travel)

Classic acceleration by electric field

Faraday’s law: changing magnetic fields produce electric field
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(Michael Hillas, 2005) 

Very general result, broad application, 
further restrictions apply (energy losses)

(Hillas, Ann. Rev. Astron. Astrophys. 1984)
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Einführung
Quellenhypothese

Ausbreitung der kosmischen Strahlung
Zusammenfassung

Di�usionsgleichung
Leaky-Box-Modell
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realistic density 
distribution Leaky Box model

Leaky Box
Number of particles that escape from box 
proportional to number of particles in box 

Sources uniformly distributed

Geschichte Spektrum mögliche Quelle Zusammenfassung I Experimente Zusammenfassung II + Ausblick Literatur

galaktische Magnetfelder

SN als Quelle von KS verursacht ein Spektrum mit � =2
Diffusion der Teilchen aufgrund der Magnetfelder
kein Entweichen der Teilchen� kein Energieverlust�
quadratische Abhängigkeit auf der Erde messbar

Cosmic particle
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Effect of cosmic ray confinement in galaxy
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Simplification: only one particle type considered, no energy losses

Assumption: equilibrium reached, flux independent of time

N(E) = �esc Q(E)

Observation: ~E–2.7
Theory: ~E–2

Has to be energy-dependent!
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Cross check of model with secondary elements
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Interstellar medium in galaxy: ~1 atom /cm3

Spallation of nuclei

12C

11B

1H

Re-write in terms of grammage and add interactions
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New detectors – CALET and DAMPE
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Launched Dec. 17, 2015 
Orbit at about 500 km 
Aperture ~ 0.3 m2 sr

DAMPE – Dark Matter Particle ExplorerCALET – Calorimetric Electron Telescope

Launched Aug. 19, 2015 
Mounted at ISS 
Aperture ~ 0.1 m2 sr



Cross check of model with secondary elements
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lesc(E)⇠ E�d

(DAMPE, Science Bulletin 67 (2022) 2162)

comparison with the alternative analysis based on the FLUKA sim-
ulation. We find that the break energies and the high-energy spec-
tral indices of B/C and B/O are consistent with each other, while the
low-energy spectral index of B/C is slightly harder than that of B/O.
The difference may come from the fact that the carbon spectrum is
softer than the oxygen spectrum below! 100 GeV/n as revealed by
AMS-02 [16] and CALET [27], which may be due to a small sec-
ondary contribution of carbon from oxygen and heavier nuclei.
The corresponding spectral index changes are found to be
Dc ¼ 0:155þ0:026þ0:000

$0:026$0:026 (Dc ¼ 0:207þ0:027þ0:000
$0:028$0:007) for B/C (B/O).

The DAMPE results have far-reaching implications on the prop-
agation of Galactic CRs. The slope parameter d of the diffusion coef-
ficient is predicted to be either 1/3 or 1/2 in the conventional
turbulence theories [4,5]. The detection of spectral hardenings in
the B/C and B/O ratios by DAMPE thus challenges these conven-
tional scenarios. To introduce a spectral break of the diffusion coef-
ficient may be the simplest solution to account for the observations
[28]. We have illustrated in Fig. 2 that the fitting to the pre-DAMPE
data with a single power-law form of the diffusion coefficient,
DðRÞ / Rd with d ¼ 0:477 [29], using the GALPROP model [30]
assuming the convective transportation of CRs, deviates clearly

from the DAMPE high-energy measurements (see the blue dashed
lines). If we add a spectral break at Rbr ¼ 200 GV, with a high-
energy slope dh ¼ 0:2, the model prediction matches well with
the measurements as shown by the red dashed lines. Intriguingly,
the inferred d ¼ 0:477 at rigidities of 6 200 GV is very close to the
prediction of the Kraichnan theory of turbulence [5]. At higher
rigidities, the rigidity dependence of R$0:2 is harder than that
expected by the Kolmogorov theory of turbulence [4]. This devia-
tion may be relieved if a small amount of secondary particles were
generated at the sources (i.e., they experience the same propaga-
tion process and thus give rise to a constant, although small, ratio).
Our findings may thus imply the change of turbulence properties of
the ISM at different scales, e.g., from the magnetized turbulence
(Kraichnan type) at smaller scales to isotropic, stationary hydrody-
namic turbulence (Kolmogorov type) at larger scales.

Alternatively, more complicated propagation or acceleration
effects of CRs may also result in hardenings of the secondary-to-
primary ratios. These models include, but are not limited to, the
nested leaky box propagation model with different energy-
dependence of the residence time in the ISM and the cocoon
regions surrounding the sources [31], the production and acceler-

Fig. 2. Boron-to-carbon (a) and boron-to-oxygen (b) flux ratios as functions of kinetic energy per nucleon. DAMPE measurements are shown by red filled dots, with error bars
and shaded bands representing the statistical and total uncertainties, respectively. The total uncertainties are the sum in quadrature of the statistical and systematic ones. The
blue dashed lines show the fitting results for a GALPROP model with single power-law rigidity dependence of the diffusion coefficient, and the red dashed lines are the results
with a hardening of the diffusion coefficient at 200 GV. In panel (a), other direct measurements by HEAO3 [6] (green circles), CRN [7] (green squares), ATIC-2 [9] (cyan circles),
CREAM-I [10] (cyan squares), TRACER [11] (orange triangles), PAMELA [12] (orange circles), NUCLEON-KLEM [14] (magenta triangles) and AMS-02 [16] (blue squares) are
shown for comparison. In panel (b), the measurements of B/O by HEAO3 [6] (green circles), CRN [7] (green squares), TRACER [11] (orange triangles) and AMS-02 [16] (blue
squares) are shown. For the AMS-02 results [16], we convert the ratios from rigidity to kinetic energy per nucleon assuming an atomic mass number of 10.7 for boron, 12.0 for
carbon, 16.0 for oxygen, and a power-law spectrum of carbon (oxygen) with an index of $2:6. The error bars of TRACER, CREAM-I, PAMELA, and AMS-02 data include both
statistical and systematic uncertainties added in quadrature. For HEAO3, CRN, ATIC-2, and NUCLEON data only the statistical uncertainties are shown.

Table 1
Boron-to-carbon and boron-to-oxygen flux ratios measured with DAMPE, together with 1r statistical and systematic uncertainties.

hEi Emin Emax B/C B/O
(GeV/n) (GeV/n) (GeV/n) ratio' rstat ' rsys ratio' rstat ' rsys

12.5 10.0 15.8 0:1926' 0:0017' 0:0111 0:1882' 0:0025' 0:0119
19.8 15.8 25.1 0:1616' 0:0007' 0:0070 0:1546' 0:0008' 0:0081
31.3 25.1 39.8 0:1373' 0:0006' 0:0061 0:1290' 0:0007' 0:0068
49.7 39.8 63.1 0:1176' 0:0007' 0:0051 0:1084' 0:0008' 0:0057
78.7 63.1 100 0:1015' 0:0010' 0:0044 0:0927' 0:0010' 0:0049
125 100 158 0:0884' 0:0013' 0:0038 0:0803' 0:0012' 0:0042
198 158 251 0:0794' 0:0018' 0:0036 0:0722' 0:0017' 0:0038
313 251 398 0:0730' 0:0025' 0:0033 0:0678' 0:0024' 0:0043
497 398 631 0:0678' 0:0035' 0:0031 0:0652' 0:0034' 0:0041
787 631 1000 0:0624' 0:0048' 0:0034 0:0588' 0:0045' 0:0041
1315 1000 1778 0:0594' 0:0067' 0:0034 0:0529' 0:0059' 0:0039
2339 1778 3162 0:0532' 0:0088' 0:0036 0:0499' 0:0083' 0:0041
4160 3162 5623 0:0470' 0:0125' 0:0038 0:0532' 0:0141' 0:0055

DAMPE Collaboration Science Bulletin 67 (2022) 2162–2166
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Total column depth traversed ~10 GeV
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Cosmic ray clocks – energy-dependent escape time
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Required by observations
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energy/charge important

ANRV326-NS57-10 ARI 14 September 2007 18:0

Because the secondary flux must come from the Galaxy at large (the local secon-
daries being negligible), a steep local primary source will cause B/C to decrease at
low energies. The known existence of the Local Bubble containing the Sun, and its
probable origin in a few supernovae in the last few million years, makes this plausible,
but hard to prove. However, it might be possible if CR composition at low energies
were found to have anomalies, indicating a younger age compared to high-energy
CR. Davis et al. (104) claim that if B/C is fitted in such a model, then sub-Fe/Fe
cannot be fitted by the same model. However, an acceptable fit to this and other data
is found in Reference 126 using a diffusion model for the large-scale component.

3.2. Unstable Secondary-to-Primary Ratios: Radioactive Clocks
The five unstable secondary nuclei that live long enough to be useful probes of
CR propagation are 14C, 10Be, 26Al, 36Cl, and 54Mn, with properties summarized in
References 101, 126, and 127. 10Be is the longest lived and best measured. The theory
is presented in Section 2.2. On the basis of these isotopes and updated cross sections
(128), the halo height zh = 4–6 kpc, consistent with earlier estimates of 3–7 kpc (98)
and 4–12 kpc (67). Figure 11 compares 10Be/9Be with models, where the ISOMAX
10Be measurements (129) up to 2 GeV (and hence longer decay lifetime) are consistent
with the fit to the other data, although the statistics are not very constraining.

The data are often interpreted in terms of the leaky-box model, but this is mislead-
ing (108, 127, 131). For the formulae and the detailed procedure for the leaky-box
model interpretation, see Reference 132. Luckily, the leaky-box-model surviving frac-
tion can be converted to physically meaningful quantities (131) for a given model.
For example, in a simple diffusive halo model, the surviving fraction determines the
diffusion coefficient, which can be combined with stable secondary-to-primary ratios
to derive the halo size. Typical results are Dxx = (3 − 5) × 1028 cm2 s−1 (at 3 GV) and
zh = 4 kpc. We can then compare the leaky-box model’s escape time of ≈107 yr with
the actual time for CRs to reach the halo boundary after leaving their sources, the
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Figure 11
Data on energy-dependence
of 10Be/9Be, including
ISOMAX, ACE, Ulysses,
Voyager, IMP, and ISEE-3
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Figure 5: In the left panel, raw measurement of Be isotopes fluxes in each of the energy ranges selected for
the analysis (stat. only error). In the right panel final merged result with complete error evaluation.

Figure 6: Measurements of Be isotope ratios as a function of kinetic energy compared with precedent
experiments.

4. Conclusions

The isotopic composition of Beryllium in cosmic rays is a key measurement to understand the
CR origin and propagation. in particular, the relative abundance of the slowly decaying 10Be isotope
can be used as a tool to estimate independently the residence time of CR in the Galaxy, and through
this give important constraints on other fundamental parameters of the CR propagation models,
like D and H. A Dedicated method based on simulated mass templates is used to fit the event rates

6

Energy dependence not confirmed by new AMS data
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7Be decays only by electron capture

<latexit sha1_base64="kTUOc8+fF3xSfPBW0Hiw9vd9yec="></latexit>

dAMS ⇠ 0.33

<latexit sha1_base64="htNYH6/LlXcSBE48fFNk28zNoA0="></latexit>

tesc ⇠ 2⇥107 yr



Non-linear diffusive shock acceleration

45

q =
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Figure 2. DAMPE electron-
positron flux [7] showing the hard-
ening at the TeV scale, plotted with
the results from other experiments.
The gray shaded region represents
the systematic uncertainty on the
H.E.S.S. measurement.

2.1. The electron+positron spectrum

With 530 days of data, DAMPE measured the electron+positron (CRE) spectrum [7] in the
energy range from 25 GeV to 4.6 TeV. An excellent electron/proton separation, ensured by the
BGO calorimeter high segmentation, is crucial for this measurement. The ratio between the
energy deposited in the last BGO layer and the total energy released in the calorimeter and the
shower transverse spread are used to distinguish electromagnetic and hadronic showers, reaching
a discrimination factor of 105 � 106. A proton rejection e�ciency of 99.99% is achieved while
keeping the electron e�ciency as high as 90%.

The DAMPE CRE spectrum shows a hardening at ⇠ 50 GeV in agreement with the findings
of FERMI-LAT [8] and AMS-02 [9] and provides the first direct evidence of a break in the
spectrum at 0.9 TeV. DAMPE confirms with high precision the feature hinted by H.E.S.S.
[10, 11]. The DAMPE spectrum is best described by a broken power law model, with a spectral
index changing from � ⇠ 3.1 to � ⇠ 3.9. Future plans for this analysis include the update of the
measurement with a larger sample as well as the implementation of machine learning algorithms
to further improve the background rejection, particularly crucial at energies beyond 10 TeV. The
use of a Neural Network classifier shows promising results by improving the discrimination factor
[12]. Extending the measurement to 10 TeV and beyond could possibly unveil a contribution
from nearby sources or some DM signature [13, 14, 15].

2.2. The proton spectrum

Figure 3. DAMPE proton [16] (left) and helium [23] (right) spectra plotted with results from
previous experiments. The dark (light) red shaded area represents the statistical (systematic)
uncertainty.

The DAMPE detector can measure the most abundant CR nuclei up to an energy of

Discrepant hardening

Standard picture:
dJ(p)
dp

⇠
Q(p)
(p)

source

÷

di↵usion

= 6=
observed

Source e↵ect

• Break in source spectrum
Stanev, Biermann and Gaisser (1993)
Parizot (2004)
Ptuskin, Zirakashvili and Seo (2013)

source

÷

di↵usion

=
observed

Transport e↵ect

• Break in di↵usion coe�cient
Blasi, Amato & Serpico, PRL 109 (2012) 061101
Tomassetti, ApJL 752 (2012) 13 source

÷

di↵usion

=
observed

Philipp Mertsch Galactic cosmic rays: What have we learned and what’s next? 21 March 2023 8 / 29

Escape time: 
diffusion coefficient

Source

<latexit sha1_base64="j1sTXr9pYy+mwJbbe52qXMQEdCY="></latexit>

N(E) = tesc(E) Q(E)

(P. Mertsch, DPG 2023)

(DAMPE, PRD 109 (2024) L12110)

Spectral hardening first found by PAMELA

Proton flux Helium flux



Unexpected structure of energy spectrum

47

12th Cosmic Ray International Seminar - CRIS 2022

Journal of Physics: Conference Series 2429 (2023) 012003

IOP Publishing

doi:10.1088/1742-6596/2429/1/012003

3

Figure 2. DAMPE electron-
positron flux [7] showing the hard-
ening at the TeV scale, plotted with
the results from other experiments.
The gray shaded region represents
the systematic uncertainty on the
H.E.S.S. measurement.

2.1. The electron+positron spectrum

With 530 days of data, DAMPE measured the electron+positron (CRE) spectrum [7] in the
energy range from 25 GeV to 4.6 TeV. An excellent electron/proton separation, ensured by the
BGO calorimeter high segmentation, is crucial for this measurement. The ratio between the
energy deposited in the last BGO layer and the total energy released in the calorimeter and the
shower transverse spread are used to distinguish electromagnetic and hadronic showers, reaching
a discrimination factor of 105 � 106. A proton rejection e�ciency of 99.99% is achieved while
keeping the electron e�ciency as high as 90%.

The DAMPE CRE spectrum shows a hardening at ⇠ 50 GeV in agreement with the findings
of FERMI-LAT [8] and AMS-02 [9] and provides the first direct evidence of a break in the
spectrum at 0.9 TeV. DAMPE confirms with high precision the feature hinted by H.E.S.S.
[10, 11]. The DAMPE spectrum is best described by a broken power law model, with a spectral
index changing from � ⇠ 3.1 to � ⇠ 3.9. Future plans for this analysis include the update of the
measurement with a larger sample as well as the implementation of machine learning algorithms
to further improve the background rejection, particularly crucial at energies beyond 10 TeV. The
use of a Neural Network classifier shows promising results by improving the discrimination factor
[12]. Extending the measurement to 10 TeV and beyond could possibly unveil a contribution
from nearby sources or some DM signature [13, 14, 15].

2.2. The proton spectrum

Figure 3. DAMPE proton [16] (left) and helium [23] (right) spectra plotted with results from
previous experiments. The dark (light) red shaded area represents the statistical (systematic)
uncertainty.
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Figure 2. DAMPE electron-
positron flux [7] showing the hard-
ening at the TeV scale, plotted with
the results from other experiments.
The gray shaded region represents
the systematic uncertainty on the
H.E.S.S. measurement.

2.1. The electron+positron spectrum

With 530 days of data, DAMPE measured the electron+positron (CRE) spectrum [7] in the
energy range from 25 GeV to 4.6 TeV. An excellent electron/proton separation, ensured by the
BGO calorimeter high segmentation, is crucial for this measurement. The ratio between the
energy deposited in the last BGO layer and the total energy released in the calorimeter and the
shower transverse spread are used to distinguish electromagnetic and hadronic showers, reaching
a discrimination factor of 105 � 106. A proton rejection e�ciency of 99.99% is achieved while
keeping the electron e�ciency as high as 90%.

The DAMPE CRE spectrum shows a hardening at ⇠ 50 GeV in agreement with the findings
of FERMI-LAT [8] and AMS-02 [9] and provides the first direct evidence of a break in the
spectrum at 0.9 TeV. DAMPE confirms with high precision the feature hinted by H.E.S.S.
[10, 11]. The DAMPE spectrum is best described by a broken power law model, with a spectral
index changing from � ⇠ 3.1 to � ⇠ 3.9. Future plans for this analysis include the update of the
measurement with a larger sample as well as the implementation of machine learning algorithms
to further improve the background rejection, particularly crucial at energies beyond 10 TeV. The
use of a Neural Network classifier shows promising results by improving the discrimination factor
[12]. Extending the measurement to 10 TeV and beyond could possibly unveil a contribution
from nearby sources or some DM signature [13, 14, 15].

2.2. The proton spectrum

Figure 3. DAMPE proton [16] (left) and helium [23] (right) spectra plotted with results from
previous experiments. The dark (light) red shaded area represents the statistical (systematic)
uncertainty.

The DAMPE detector can measure the most abundant CR nuclei up to an energy of

(DAMPE, PRD 109 (2024) L12110)

Δ ¼ d½logðΦS=ΦPÞ%=d½logðRÞ%; ð3Þ

whereΦS=ΦP are the ratios of the secondary to primary flu-
xes over rigidity intervals [60.3–192] and ½192–3300% GV
and shown in Fig 3. Above ∼200 GV these spectral indices
exhibit an average hardening of 0.13& 0.03. Figures 9 and
10 of the Supplemental Material [21] show all secondary to
primary flux ratios together with the results of Eq. (3). This
additionally verifies that at high rigidities the secondary
cosmic rays harden more than the primary cosmic rays. This
additional hardening of secondary cosmic rays is consistent
with expectationswhen the hardening of cosmic ray fluxes is
due to the propagation properties in the Galaxy [16].
To examine the rigidity dependence of the secondary

cosmic rays in detail, the lithium to boron Li=B and
beryllium to boron Be=B flux ratios were computed using
the data in Tables I, II, and III of the Supplemental Material
[21] and reported in Tables X and XI of the Supplemental
Material [21] with their statistical and systematic errors.
Figure 11 of the Supplemental Material [21] shows the
(a) Li=B and (b) Be=B ratios as functions of rigidity with
their total errors together with the results of fits to a constant

value above 7 GV for Li=B and above 30 GV for Be=B.
The fits yield Li=B ¼ 0.72& 0.02 with χ2=d:o:f: ¼ 51=53
and Be=B ¼ 0.36& 0.01 with χ2=d:o:f: ¼ 27=35. From
these fits we note that the Li=Be ratio is 2.0& 0.1
above 30 GV; see also Fig. 12 of the Supplemental
Material [21]. The Li and B fluxes have an identical
rigidity dependence above ∼7 GV and all three secondary
fluxes have an identical rigidity dependence above
∼30 GV. In Figs. 13, 14, and 15 of the Supplemental
Material [21], we compare our flux ratios converted to EK
using the procedure described in Ref. [24] with earlier
measurements [2–11,31–33].
In conclusion, we have presented precise, high statistics

measurements of the lithium, beryllium, and boron fluxes
from 1.9 GV to 3.3 TV with detailed studies of the
systematic errors. The Li and B fluxes have identical
rigidity dependence above 7 GV and all three fluxes have
identical rigidity dependence above 30 GV with the Li=Be
flux ratio of 2.0& 0.1. The three fluxes deviate from a
single power law above 200 GV in an identical way. As
seen in Fig. 4, this behavior of secondary cosmic rays has
also been observed in primary cosmic rays He, C, and O
[14] but the rigidity dependences of primary cosmic rays
and of secondary cosmic rays are distinctly different. In
particular, above 200 GV, the spectral indices of secondary
cosmic rays harden by an average of 0.13& 0.03more than
the primaries. These are new properties of cosmic rays.

We thank former NASA Administrator Daniel S. Goldin
for his dedication to the legacy of the ISS as a scientific
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Most importantly, several independent analyses were
performed on the same data sample by different study groups.
The results of those analyses are consistent with this Letter.
Results.— The measured lithium, beryllium, and boron

fluxes including statistical and systematic errors are reported
in Tables I, II, and III of the Supplemental Material [21] as a
function of the rigidity at the top of the AMS detector.
Figure 1 shows the lithium, beryllium, and boron fluxes

as a function of rigidity with the total errors, the sum in
quadrature of statistical and systematic errors. In this and
the subsequent figures, the points are placed along the
abscissa at ~R calculated for a flux ∝ R−2.7 [29]. As seen, the
Li and B fluxes have an identical rigidity dependence above
∼7 GV and all three secondary fluxes have an identical
rigidity dependence above ∼30 GV. The different rigidity
dependence of the Be flux is most likely due to the
significant presence of the radioactive 10Be isotope [27],
which has a half life of 1.4 MY.
Figure 8 of the Supplemental Material [21] shows the

lithium, beryllium, and boron fluxes as a function of kinetic
energy per nucleon EK together with earlier measurements
[2–11]. Data from other experiments have been extracted

using Ref. [30]. For the AMS measurement EK ¼
ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Z2 ~R2 þM2

p
−MÞ=A where Z, M, and A are the Li,

Be, and B charge, mass and atomic mass number,

respectively. The atomic mass numbers, averaged by iso-
topic composition obtained from AMS low energy mea-
surements [27], are 6.5% 0.1 for Li, 8.0% 0.2 for Be, and
10.7% 0.1 for B. The systematic errors on the fluxes due to
these uncertainties were added in quadrature to the total
errors.
To examine the rigidity dependence of the fluxes,

detailed variations of the flux spectral indices with rigidity
were obtained in a model-independent way. The flux
spectral indices γ were calculated from

γ ¼ d½logðΦÞ'=d½logðRÞ'; ð2Þ

over rigidity intervals bounded by 7.09, 12.0, 16.6, 22.8,
41.9, 60.3, 192, and 3300 GV. The results are presented in
Fig. 2 together with the spectral indices of helium, carbon,
and oxygen [14]. As seen, the magnitude and the rigidity
dependence of the lithium, beryllium, and boron spectral
indices are nearly identical, but distinctly different from the
rigidity dependence of helium, carbon, and oxygen. In
addition, above ∼200 GV, Li, Be, and B all harden more
than He, C, and O.
To examine the difference between the rigidity depend-

ence of primary and secondary cosmic rays in detail, the
ratios of the lithium, beryllium, and boron fluxes to the
carbon and oxygen fluxes were computed using the data in
Tables I, II, and III of the Supplemental Material [21]
and Tables II and III of Ref. [14], and are reported in
Tables IV–IX of the Supplemental Material [21] with their
statistical and systematic errors. The detailed variations
with rigidity of the spectral indices Δ of each flux ratio
were obtained in a model independent way using
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Figure 2. DAMPE electron-
positron flux [7] showing the hard-
ening at the TeV scale, plotted with
the results from other experiments.
The gray shaded region represents
the systematic uncertainty on the
H.E.S.S. measurement.

2.1. The electron+positron spectrum

With 530 days of data, DAMPE measured the electron+positron (CRE) spectrum [7] in the
energy range from 25 GeV to 4.6 TeV. An excellent electron/proton separation, ensured by the
BGO calorimeter high segmentation, is crucial for this measurement. The ratio between the
energy deposited in the last BGO layer and the total energy released in the calorimeter and the
shower transverse spread are used to distinguish electromagnetic and hadronic showers, reaching
a discrimination factor of 105 � 106. A proton rejection e�ciency of 99.99% is achieved while
keeping the electron e�ciency as high as 90%.

The DAMPE CRE spectrum shows a hardening at ⇠ 50 GeV in agreement with the findings
of FERMI-LAT [8] and AMS-02 [9] and provides the first direct evidence of a break in the
spectrum at 0.9 TeV. DAMPE confirms with high precision the feature hinted by H.E.S.S.
[10, 11]. The DAMPE spectrum is best described by a broken power law model, with a spectral
index changing from � ⇠ 3.1 to � ⇠ 3.9. Future plans for this analysis include the update of the
measurement with a larger sample as well as the implementation of machine learning algorithms
to further improve the background rejection, particularly crucial at energies beyond 10 TeV. The
use of a Neural Network classifier shows promising results by improving the discrimination factor
[12]. Extending the measurement to 10 TeV and beyond could possibly unveil a contribution
from nearby sources or some DM signature [13, 14, 15].

2.2. The proton spectrum

Figure 3. DAMPE proton [16] (left) and helium [23] (right) spectra plotted with results from
previous experiments. The dark (light) red shaded area represents the statistical (systematic)
uncertainty.

The DAMPE detector can measure the most abundant CR nuclei up to an energy of

(DAMPE, PRD 109 (2024) L12110)

Δ ¼ d½logðΦS=ΦPÞ%=d½logðRÞ%; ð3Þ

whereΦS=ΦP are the ratios of the secondary to primary flu-
xes over rigidity intervals [60.3–192] and ½192–3300% GV
and shown in Fig 3. Above ∼200 GV these spectral indices
exhibit an average hardening of 0.13& 0.03. Figures 9 and
10 of the Supplemental Material [21] show all secondary to
primary flux ratios together with the results of Eq. (3). This
additionally verifies that at high rigidities the secondary
cosmic rays harden more than the primary cosmic rays. This
additional hardening of secondary cosmic rays is consistent
with expectationswhen the hardening of cosmic ray fluxes is
due to the propagation properties in the Galaxy [16].
To examine the rigidity dependence of the secondary

cosmic rays in detail, the lithium to boron Li=B and
beryllium to boron Be=B flux ratios were computed using
the data in Tables I, II, and III of the Supplemental Material
[21] and reported in Tables X and XI of the Supplemental
Material [21] with their statistical and systematic errors.
Figure 11 of the Supplemental Material [21] shows the
(a) Li=B and (b) Be=B ratios as functions of rigidity with
their total errors together with the results of fits to a constant

value above 7 GV for Li=B and above 30 GV for Be=B.
The fits yield Li=B ¼ 0.72& 0.02 with χ2=d:o:f: ¼ 51=53
and Be=B ¼ 0.36& 0.01 with χ2=d:o:f: ¼ 27=35. From
these fits we note that the Li=Be ratio is 2.0& 0.1
above 30 GV; see also Fig. 12 of the Supplemental
Material [21]. The Li and B fluxes have an identical
rigidity dependence above ∼7 GV and all three secondary
fluxes have an identical rigidity dependence above
∼30 GV. In Figs. 13, 14, and 15 of the Supplemental
Material [21], we compare our flux ratios converted to EK
using the procedure described in Ref. [24] with earlier
measurements [2–11,31–33].
In conclusion, we have presented precise, high statistics

measurements of the lithium, beryllium, and boron fluxes
from 1.9 GV to 3.3 TV with detailed studies of the
systematic errors. The Li and B fluxes have identical
rigidity dependence above 7 GV and all three fluxes have
identical rigidity dependence above 30 GV with the Li=Be
flux ratio of 2.0& 0.1. The three fluxes deviate from a
single power law above 200 GV in an identical way. As
seen in Fig. 4, this behavior of secondary cosmic rays has
also been observed in primary cosmic rays He, C, and O
[14] but the rigidity dependences of primary cosmic rays
and of secondary cosmic rays are distinctly different. In
particular, above 200 GV, the spectral indices of secondary
cosmic rays harden by an average of 0.13& 0.03more than
the primaries. These are new properties of cosmic rays.

We thank former NASA Administrator Daniel S. Goldin
for his dedication to the legacy of the ISS as a scientific
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FIG. 3. The AMS secondary to primary flux ratio spectral
indices Δ from Eq. (3) as functions of rigidity for (a) Li=C,
Be=C, and B=C. The horizontal band indicates the fit to the B=C
ratio from our previous publication [24] which is consistent with
the results in this Letter. The results for (b) Li=O, Be=O, and B=O.
For (a) and (b) the vertical dashed line shows the interval boundary.
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secondary fluxes have an identical rigidity dependence above
30 GV, as do the three primary fluxes above 60 GV. The rigidity
dependences of primary cosmic rays fluxes and of secondary
cosmic rays fluxes are distinctly different.
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Most importantly, several independent analyses were
performed on the same data sample by different study groups.
The results of those analyses are consistent with this Letter.
Results.— The measured lithium, beryllium, and boron

fluxes including statistical and systematic errors are reported
in Tables I, II, and III of the Supplemental Material [21] as a
function of the rigidity at the top of the AMS detector.
Figure 1 shows the lithium, beryllium, and boron fluxes

as a function of rigidity with the total errors, the sum in
quadrature of statistical and systematic errors. In this and
the subsequent figures, the points are placed along the
abscissa at ~R calculated for a flux ∝ R−2.7 [29]. As seen, the
Li and B fluxes have an identical rigidity dependence above
∼7 GV and all three secondary fluxes have an identical
rigidity dependence above ∼30 GV. The different rigidity
dependence of the Be flux is most likely due to the
significant presence of the radioactive 10Be isotope [27],
which has a half life of 1.4 MY.
Figure 8 of the Supplemental Material [21] shows the

lithium, beryllium, and boron fluxes as a function of kinetic
energy per nucleon EK together with earlier measurements
[2–11]. Data from other experiments have been extracted

using Ref. [30]. For the AMS measurement EK ¼
ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Z2 ~R2 þM2

p
−MÞ=A where Z, M, and A are the Li,

Be, and B charge, mass and atomic mass number,

respectively. The atomic mass numbers, averaged by iso-
topic composition obtained from AMS low energy mea-
surements [27], are 6.5% 0.1 for Li, 8.0% 0.2 for Be, and
10.7% 0.1 for B. The systematic errors on the fluxes due to
these uncertainties were added in quadrature to the total
errors.
To examine the rigidity dependence of the fluxes,

detailed variations of the flux spectral indices with rigidity
were obtained in a model-independent way. The flux
spectral indices γ were calculated from

γ ¼ d½logðΦÞ'=d½logðRÞ'; ð2Þ

over rigidity intervals bounded by 7.09, 12.0, 16.6, 22.8,
41.9, 60.3, 192, and 3300 GV. The results are presented in
Fig. 2 together with the spectral indices of helium, carbon,
and oxygen [14]. As seen, the magnitude and the rigidity
dependence of the lithium, beryllium, and boron spectral
indices are nearly identical, but distinctly different from the
rigidity dependence of helium, carbon, and oxygen. In
addition, above ∼200 GV, Li, Be, and B all harden more
than He, C, and O.
To examine the difference between the rigidity depend-

ence of primary and secondary cosmic rays in detail, the
ratios of the lithium, beryllium, and boron fluxes to the
carbon and oxygen fluxes were computed using the data in
Tables I, II, and III of the Supplemental Material [21]
and Tables II and III of Ref. [14], and are reported in
Tables IV–IX of the Supplemental Material [21] with their
statistical and systematic errors. The detailed variations
with rigidity of the spectral indices Δ of each flux ratio
were obtained in a model independent way using
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As seen, the Li and B fluxes have identical rigidity dependence
above ∼7 GV and all three secondary fluxes have identical
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Figure 30.4: Intensities of cosmic ray electrons (squares), positrons (diamonds) and their sum
(dots) as a function of kinetic energy E. We have included data from the most recent space
experiments AMS-02 [8], CALET [19], DAMPE [17], Fermi-LAT [18] and PAMELA [97] as well
as from the ground-based H.E.S.S. experiment [96]. The spectra have been multiplied by E3 to
enhance the visibility of the spectral features. Data have been extracted from [31].

energies. Due to the increasingly important radiative losses, the distance to the sources which
could significantly contribute to the total flux decreases with energy. Estimates at 1 TeV of this
di�usion-loss length are only ƒ 0.3 kpc. The predicted spectrum therefore becomes rather sensitive
to the exact distances and ages of young, nearby sources which manifest as individual bumps in
the spectrum. Turning this around, observations can be used to search for young, nearby sources
of CRs. At energies above ≥ 1 TeV, only calorimetric observations are currently available which
cannot discriminate between electrons and positrons. Observations of the all-electron flux, that is
the sum of electron and positron fluxes, find a break at ≥ 1 TeV, displayed in Fig. 30.4. This was
first seen by H.E.S.S. [96] and later confirmed by DAMPE [17] and CALET [19]. The break by
about one power in energy has been interpreted either as due to a break in the spectrum of a large
number of sources, e.g. [104] or as a stochasticity e�ect from a small population of sources [105].

In the standard scenario of galactic cosmic rays, anti-protons are also produced as secondary
particles, but unlike secondary nuclei or electrons and positrons, their production is kinematically
suppressed at lower energies. The spectrum of anti-protons observed by PAMELA (Fig. 3 in [106])
and AMS-02 (Fig. 62 in [8]) is close to E≠2.8, which is somewhat harder than predicted by earlier
models. More recent models can accommodate the observations, in part due to a re-evaluation of
the production cross-section. Note that there have been claims that the transport parameters ob-
tained when fitting to proton and anti-proton data di�er from those obtained by fitting to heavier
nuclei [107]. An alternative explanation for the harder anti-proton spectrum is the acceleration
of secondaries in old supernova remnants [103, 108]. At energies of a few GeV, there have been
claims of an excess in the measured anti-proton spectrum. If interpreted as a sign of dark matter
annihilation, such an excess could be explained by a weak-scale particle of mass of a few tens of GeV
and annihilation cross-sections close to the thermal relic value. However, the significance of the
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Messenger Par�cles

● Protons / Cosmic Rays�: directly 
from the astrophysical sources.

● Photons�: produced by leptonic 
and hadronic processes at the 
source.

● Neutrinos�: produced only by 
Hadronic CR interactions.   

pp⇒π
±1

⇒μ
±1

+νμ

pp⇒π
0
⇒γ γ

Hadronic Interactions :

pp⇒π
±1

⇒μ
±1

+νμ⇒νμ+e
±1

+ν̄e+νμ

Photons and CRs particles are attenuated and/or deviated on their journey towards the earth. 

Neutrinos travel unimpeded accross the universe so they can point directly towards the source. 

Neutral (secondary) particles as messengers
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Measurement of nucleus disintegration
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Target nucleus (at rest) 
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for interaction

Target: proton at rest
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Measurement of nucleus disintegration
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Target nucleus (at rest) 
needed to create photon
for interaction

Target: proton at rest

Electron beam

p
p+
n p

p0

Two source classes 
- Interaction in dense source regions 

with photon field or gas 
- Interaction during propagation with 

photons of CMB and other backgrounds

and similar interactions of nuclei, 
as well as dissociation of nuclei


