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Heitler-Modell der EM-Schauerentwicklung

Jim Matthews, Astroparticle Physics 22 (2005) 387–397

Heitler-Modell

d= X0 ln(2)
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e.m. Luftschauer
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Heitler-Modell der EM-Schauerentwicklung

Jim Matthews, Astroparticle Physics 22 (2005) 387–397

Heitler-Modell

Nmax ∝ E0! Linearität des Signals
Xmax ∝ ln(E0)!log. Größenskala

d= X0 ln(2)
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Heitler-Modell
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Hadronschauer

6

Heitler-Modell

auch für Hadronschauer näherungsweise :
Nmax ∝ E0! Linearität des Signals
Xmax ∝ ln(E0)!log. Größenskala

aber mit anderen Skalierungen



Extensive air showers
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Photon-Proton-Reaktion: GZK
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41. Plots of cross sections and related quantities 11
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Figure 41.10: Summary of hadronic, γp, and γγ total cross sections, and ratio of the real to imaginary parts of the forward hadronic
amplitudes. Corresponding computer-readable data files may be found at http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS
group, IHEP, Protvino, August 2005.) See full-color version on color pages at end of book.
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tons. When the complete potential is deformed, 
the optical parameters (Table I) found so far 
to give the best fit to the elastic polarization 
also produce the best prediction of inelastic 
asymmetry. 

All the curves in Fig. 2 use a central-well 
deformation parameter of {32 = 0.39 for 28Si and 
{32 = 0.22 for 6ONi. The deformation parameter 
of the spin-orbit term is 1.5 times the central-
well value, which produces slightly better agree-
ment with the asymmetry data for 28Si. Both 
real and imaginary parts of the spin-orbit in-
teraction are included, but since I WSI«V S' 
the imaginary part makes little difference. 
The curves also include Coulomb-excitation 
amplitudes, l which make little difference in 
either the asymmetry or the cross section. 
We find that for all of the calculations made, 
the predictions of inelastic asymmetry and 
inelastic polarization are very nearly identi· 
cal. 

In summary we find that, provided the imag-
inary and spin-orbit terms are included, the 
collective-model generalization of the optical 
potential gives a good account of the present 
inelastic asymmetry data at all but the most 
forward angles. It is quite possible that a 
more comprehensive treatment of the spin-de-
pendent interaction will improve matters in 
this region, and such calculations are in pro-
gress. 

It is a pleasure to acknowledge many useful 

conversations concerning this work with G. R. 
Satchler and N. M. Hintz. We are much indebted 
to the indefatigable ORIC cyclotron operators, 
and to M. B. Marshall, W. H. White, L. B. 
Schneider, and A. W. Riikola of the ORIC staff, 
for their essential contributions to the experi-
mental effort. 

*Research sponsored by the U. S. Atomic Energy Com-
mission under contract with the Union Carbide Corpora-
tion. 

tOak Ridge Graduate Fellow from the University of 
Minnesota under appointment from Oak Ridge Asso-
ciated Universities. 

tGradtiate Fellow from the University of Tennessee 
under appointment from the National Science Founda-
tion. 

lR. H. Bassel, G. R. Satchler, R. M. Drisko, and 
E. Rost, Phys. Rev. 128, 2693 (1962). The present DW 
calculations include the spin-orbit term in the elastic 
distortion. 

2M. P. Fricke and G. R. Satchler, Phys. Rev. 139, 
B567 (1965). 

3T. Stovall and N. M. Hintz, Phys. Rev. 135, B330 
(1964). 

'See, for example, W. S. Gray, R. A. Kenefick, J. J. 
Kraushaar, and G. R. Satchler, Phys. Rev. 142, 735 
(1966); G. R. Satchler, to be published. 

5E. R. Flynn and R. H. Bassel, Phys. Rev. Letters 
!§., 168 (1965), and other references given there. 

6L. N. Blumberg, E.E. Gross, A. van der Woude, 
and A. Zucker, Nucl. Instr. & Methods M!, 125 (1966); 
L. N. Blumberg, E. E. Gross, A. van der Woude, 
A. Zucker, and R. H. Bassel, to be published. 

END TO THE COSMIC-RAY SPECTRUM? 

Kenneth Greisen 
Cornell University, Ithaca, New York 

(Received 1 April 1966) 

The primary cosmic-ray spectrum has been 
measured up to an energy of 1020 eV/ and sev-
eral groups have described projects under de-
velopment or in mind2 to investigate the spec-
trum further, into the energy range 1021 _1022 eV. 
This note predicts that above 1020 eV the pri-
mary spectrum will steepen abruptly, and the 
experiments in preparation will at last observe 
it to have a cosmologically meaningful termi-
nation. 

The cause of the catastrophic cutoff is the 
intense isotropic radiation first detected by 

748 

Penzias and Wilson3 at 4080 Mc/sec (7.35 cm) 
and now confirmed as thermal in character by 
measurements of Roll and Wilkinson4 at 3.2 
cm wavelength. It is not essential to the pres-
ent argument that the origin of this radiation 
conform exactly to the primeval-fireball mod-
el outlined by Dicke, Peebles, Roll, and Wil-
kinson5 ; what matters is only that the radia-
tion exists and pervades the observable uni-
verse. The transparency of space at the per-
tinent wavelengths, and the consistency of in-
tensity observations in numerous directions, 
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km2 in one year at energies above 2 x 1020 eV. 
If this number is cut by a factor of several 
hundred, owing to the y-p reaction, the rate 
will be far too low to be detected by any of 
the methods yet proposed; even the one event 
recorded at 1020 eV appears surprising. 

One cannot save the day for superhigh-en-
ergy cosmic rays by calling on heavy nuclei. 
The threshold for photodisintegration against 
photons of 7x10-4 eV is only 5x1018 eV/nu-
cleon, and at 1019 e V/nucleon most of the 
photons can excite the giant dipole resonance, 
for which the cross section is on the order 
of 10-25 cm2 • At this energy the mean path 
for photodisintegration is on the order of 2 
x1022 cm, much less than the size of the gal-
axy. Even nuclei 5 times less energetic would 
be decomposed in a time short compared with 
the expansion time of the universe, owing to 
the high-frequency tail of the black-body spec-
trum. 

Ordinary optical interstellar radiation can 
also produce y-p photopions and heavy nucleus 
disintegrations, at energies 1000 times less 
than those discussed above; but the intergalac-
tic optical photon density is smaller than that 
of the 3° radiation by a factor of about 5 x 104 , 

and the mean paths are correspondingly longer. 
So the effect on the proton spectrum is negli-
gible, but not the effect on the heavy nuclei: 
Above 1016 eV /nucleon the mean time for pho-
todisintegration is an order of magnitude less 
than the expansion time. Nuclei confined in 
the galaxy encounter a higher density of optical 
photons and are fragmented much faster. 

In addition to photo pion interactions as a 
source of energy loss to high-energy protons, 
one should consider pair production by the 
thermal photons. The proton energy threshold 
for this reaction against photons of 7 x 10-4 

eV is only 7x1017 eV. The energy loss in the 
laboratory system arises primarily from the 
small longitudinal momentum given to the pro-
ton in its rest system. At the threshold the 
fractional energy loss is 2m/M""" 10-3 , where 
m and M are the electron and proton masses. 
At higher energies the energy loss depends 
on the relative velocity of the electron and 
positron and the transverse momentum given 
to the proton, but the average energy loss in 

750 

the laboratory is approximately constant, 
making the fractional energy loss f """ 10-3 /x, 
where x is the ratio of the proton energy to 
its threshold value. The cross section with 
no screening is approximately 1.8 x 1O-27(lnx 
-0.5) cm2 • Therefore, the scale length for 
energy loss is given by L = (nju)-l """ 1027 x (lnx 
:-0.5)-1 cm. The minimum value of L occurs 
at x = 4.5 or E """ 3 X 1018 eV and is about half 
of the Hubble length. Thus, the effect on the 
primary spectrum is barely significant, cre-
ating a small depression (never exceeding 
a factor of about 3) in the interval 1018_1020 

eV. 
Even this small depletion of the flux above 

1018 eV, however, followed above 5x1019 eV 
by a stronger depression due to the photopion 
process, makes the observed1 flattening of 
the primary spectrum in the range 1018 _1020 

eV quite remarkable. The injection spectrum 
of the intergalactic flux must be much less 
steep than that of the galactic particles which 
dominate at lower energies. 

The author expresses thanks for the hospi-
tality of the Physics Department of the Univer-
sity of Utah, where this Letter was written. 

tJ. Linsley, Phys. Rev. Letters!Q, 146 (1963); and 
in Proceedings of the International Conference on Cos-
mic Rays, Jaipur 1963, edited by R. R. Daniel et al. 
(Commercial Printing Press, Ltd., Bombay, India, 
1964-1965), Vol. IV, p. 77. 

2C. B. A. McCusker and K. Greisen, in Proceedings 
of the International Conference on Cosmic Rays, Lon-
don, September, 1965 (to be published); and S. Col-
gate, private communication. 

3A. A. Penzias and R. W. Wilson, Astrophys. J. 142, 
419 (1965). 

4p. G. Roll and D. T. Wilkinson, Phys. Rev. Letters 
li. 405 (1966). 

5R. H. Dicke, P. J. E. Peebles, P. G. Roll, and 
D. T. Wilkinson, Astrophys. J. 142, 414 (1965). 

6Private communication from Penzias and Wilson, 
reported in Ref. 4. 

7J. E. Felten, Phys. Rev. Letters 15, 1003 (1965). 
BR. J. Gould and G. SchrMer, Phy;'-Rev. Letters 

16, 253 (1966). 
SF. Hoyle, Phys. Rev. Letters 15, 131 (1965). 

tOR. J. Gould, Phys. Rev. Lette;; 15, 511 (1965)'. 
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oratory system is found from Eq. (6) to be

where Epy is the final energy of the proton. The
threshold energy for the production of N pions is
found from Eq. (2) to be

'=NM (1+NM /2M )th, Nn' m' g p
(8)

so that &th ~'= 145 MeV and the threshold inelas-
ticity is 0.126.
The collision and attenuation mean free paths

for cosmic-ray photomeson interactions are giv-
en by ~coll (~yo)eff ' and ~attn=(KPn+)eff
For the mean-free-path determinations, it is
necessary to use effective quantities because the

basic kinemetical quantity involved in interac-
tion, the quantity s, is uniquely determined by
&' through Eq. (2) whereas &' is not uniquely de-
termined by &, but is spread out over the energy
range given by Eq (.1) for -1-cos&- 1. Since P
=1 we may consider the energy range of &' to be
given by 0 «'(2&&. The thermal-photon density
spectrum ny(e)d& is of course, given by the
P lanck distribution,

(9)

where the temperature T is taken to be 2.7 K.
The lifetime of the cosmic ray against attenua-
tion by photomeson production, &(Ep), is equal
to the attenuation mean free path divided by the
cosmic-ray velocity c. It is given by the expres-
sion

OQ de 2@~7(E ) =2y~h~wmc' I de'&'o'(e')K (&')
p ( I/2 )exp(&/kT)-1 J~ i P

(10)

Recent experimental studies of photomeson
production (Ref. 5-9, and Chasan, et al. '0), have
led to the determination of v(e') and K~(t') and
these data are represented by the functions given
in Fig. 1. These values were used in Eq. (10)
for a numerical evaluation of the attenuation
mean free path &attn and characteristic lifetime
&, respectively. The results of this calculation

1p20 lpe

are shown in Fig. 2.
Figure 2 indicates that the characteristic life-

time drops sharply from 10 yr at 3&&10 GeV to
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FIG. 1. Total photomeson production cross section
and inelasticity as a function of gamma-ray energy in
the proton rest system.
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FIG. 2. Characteristic lifetime and attenuation mean
free path for high-energy protons as a function of ener-
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Greisen-Zatsepin-Kuzmin-Effekt

11

distance from 
source (Mpc)

Sokolsky 1989

protons scatter with the CMB: threshold effect above 5×1019 eV:
p+γ3K → Δ(1232) → pπ0 → p γγ  or  nπ+ → pe+ν



energy spectra 
and experiments

Nagano+Watson 2000

knee
ankle

galactic origin?

extragalactic?
rL > 30kpc
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4 x 6 + 3
fluorescence telescopes

1660 water 
Cherenkov detectors 
covering 3000 km2

Pierre Auger-Observatorium
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SD energy calibration with FD
Calibration made using events with independent SD and Hybrid
trigger and reconstruction
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SD Energy Calibration by FD
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Energiespektrum und Schwerpunktsenergie
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neue MC-Simulation zur Ausbreitung von Kernen
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neue MC-Simulation zur Ausbreitung von Kernen

Die Weglänge von Protonen und schweren 
Kernen ist sehr ähnlich!

mitte
lschwere 

Kern
e 

werd
en rasch zerstört
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Zusammensetzung bis 40 EeV
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Zusammensetzung bis 40 EeV
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WQ-Messung aus Luftschauern

20

5

]2  [g/cmmaxX
500 600 700 800 900 1000 1100 1200

/g
]

2
  [

cm
m

ax
dN

/d
X

-110

1

10

2 2.3  g/cm± = 55.8 ηΛ

FIG. 1: Unbinned likelihood fit to obtain Λη (thick line).
The Xmax-distribution is unbiased by the fiducial geometry
selection applied in the range of the fit.

the range of interest. In total 3082 events pass the fidu-
cial volume cuts, of which 783 events have their Xmax

in the selected range and thus contribute directly to the
measurement of Λη. In Fig. 1 we show the 3082 selected
events and the result of an unbinned maximum likeli-
hood fit of an exponential function over the range 768 to
1004 g/cm2. Values of Λη have been re-calculated for sub-
samples of the full dataset selected according to zenith-
angle, shower-to-telescope distance and energy: the dif-
ferent values obtained for Λη are consistent with statisti-
cal fluctuations. The re-analyses of the data for changes
of fiducial event selection, modified values of η and for
different ranges of atmospheric depths yield changes of
Λη that are distributed around zero with a root-mean-

square of 1.6 g/cm2. We use this root-mean-square as an
estimate of the systematic uncertainties associated to the
measurement. This yields

Λη = [55.8 ± 2.3(stat) ± 1.6(sys)] g/cm2, (1)

with the average energy of these events being
1018.24 ±0.005(stat) eV. The differential energy distribution
for these events follows a power-law with index −1.9. The
average energy corresponds to a center-of-mass energy of√
s = [57 ± 0.3(stat)] TeV in proton-proton collisions.

DETERMINATION OF THE CROSS-SECTION

The determination of the proton-air cross-section for
particle production requires the use of air-shower sim-
ulations, which inherently introduces some dependence
on model assumptions. We emulate the measurement of
Λη with Monte Carlo simulations to derive predictions of
the slope, ΛMC

η . It is known from previous work that the
values of ΛMC

η are directly linked to the hadronic cross-
sections used in the simulations [2]. Accordingly we can

explore the effect of changing cross-sections empirically
by multiplying all hadronic cross-sections input to the
simulations by an energy-dependent factor [7]

f(E, f19) = 1 + (f19 − 1)
lg
(

E/1015 eV
)

lg (1019 eV/1015 eV)
, (2)

where E denotes the shower energy and f19 is the factor
by which the cross-section is rescaled at 1019 eV. This
factor is unity below 1015 eV reflecting the fact that mea-
surements of the cross-section at the Tevatron were used
to tune the interaction models. This technique of modi-
fying the original predictions of the cross-sections during
the simulation process assures a smooth transition from
accelerator data up to the energies of our analysis.

For each hadronic interaction model, the value of f19 is
obtained that reproduces the measured value of Λη. The
modified cross-section is then deduced by multiplying the
original cross-section used in the model by the factor
f(E, f19) of Eq. (2) using E = 1018.24 eV. For the conver-
sion of Λη into cross-section, we have used the four high-
energy hadronic interaction models commonly adopted
for air shower simulations: QGSJet01 [8], QGSJetII.3 [9],
SIBYLL 2.1 [10] and EPOS1.99 [11]. While in general
no model gives a completely accurate representation of
cosmic-ray data in all respects, these have been found to
give reasonably good descriptions of many of the main
features. It has been shown [12] that the differences be-
tween the models used in the analysis are typically bigger
than the variations obtained within one model by param-
eter variation. Therefore we use the model differences for
estimating the systematic model dependence.

The proton-air cross-sections for particle production
derived for QGSJet01, QGSJetII, SIBYLL and EPOS
are 523.7, 502.9, 496.7 and 497.7mb respectively, with
the statistical uncertainty for each of these values being
22mb. The difference of these cross-sections from the
original model predictions are < 5%, with the exception
of the result obtained with the SIBYLL model, which is
12% smaller than the original SIBYLL prediction. We
use the maximum deviations derived from using the four
models, relative to the average result of 505mb, to es-
timate a systematic uncertainty of (−8, +19)mb related
to the difficulties of modelling high energy interactions.
This procedure relies on the coverage of the underlying
theoretical uncertainties by the available models. For
example diffraction, fragmentation, inelastic intermedi-
ate states, nuclear effects, QCD saturation, etc. are all
described at different levels using different phenomeno-
logical, but self-consistent, approaches in these models.
It is thus possible that the true range of the uncertainties
for air-shower analyses is larger, but this cannot be esti-
mated with these models. Furthermore, certain features
of hadronic particle production, such as the multiplicity,
elasticity and pion-charge ratio, have an especially im-
portant impact on air shower development [13, 14]; of
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Magnetfelder und extragalaktische Kosm. Strahlung

Figure 7: Projected view of 20 trajectories of proton primaries emanating from a
point source for several energies. Trajectories are plotted until they reach a physical
distance from the source of 40Mpc. See text for details.

scaled for other magnetic conditions. For example, if the magnetic field were 100
nanogauss, propagation at 100 EeV would be completely diffusive, as shown in the
upper left panel of Figure 7. Propagation at 1000 EeV however would be quite distinct
from the lower left panel as energy loss by the GZK effect would be significant. Less
than 1% of the particles would escape interaction with the CMB and propagate
rectilinearly. The remainder would quickly pass to diffusive propagation, drop below
100 EeV, and travel much more slowly from the source. For iron primaries, the panel
on the upper right of Figure 7 would correspond to 80 EeV. This regime is not fully
diffusive and the primaries would have some memory of their source which would be
revealed by a broad anisotropy. These examples reveal the complexity introduced in
propagation of cosmic rays due to magnetic fields. In some cases the galactic magnetic
field will also be important.

In Figure 8 I have plotted the distribution of observed directions of the cosmic
rays with respect to the source direction. For 1 EeV proton primaries the directions
are completely isotropic; no memory of the source direction remains. In Figure 9 I
plot the dispersion of angles for 100 EeV and 30 EeV proton primaries. Here the
angular spread is 1.5◦ and 5◦ respectively.

If the sources of cosmic rays with energy ≥10 EeV are extragalactic and are
associated with the distribution of nearby matter, then one would expect that the
flux and energy spectrum of the cosmic rays will depend on the hemisphere in which
the observations are made. Most of the nearby matter is found in the Virgo cluster
at a distance of ∼ 18 Mpc. In Figure 10 I plot the column density of gravitating

8

1018 eV 3x1018 eV

1019 eV 1020 eV

23
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Klassif. Energie B-Feld Rad-
Feld Beob.-Reichw Status Quellen Det Proj Fragen

e+e–

Photonen

CMB

Photonen

Radio

Photonen visPhotonen
X

Photonen

γ

Photonen

GZK

Teilchen

Sol

Teilchen Gal.Teilchen

eGal.

Neutrinos

relic

Neutrinos

SN

Neutrinos SolNeutrinos

HE-Obj

Neutrinos

GZK

DM

GW

MeV..GeV !!! !!! lokal √ Paarb div

meV – “GZK” Kosm √ Urknall Sat
COBE, 
WMAP, 

PLANCK
Kosmologie

10-100 meV – – Kosm √ Obj Ant LOFAR SKA Frühes Universum

eV – “IR, Vis” Kosm √ Obj Tel div viele

keV..GeV – – e-gal √ Obj Sat Fermi viele; Obj

GeV..100 
TeV – ! e-Gal √ Obj Sat, ChTel HESS MAGIC 

CTA viele; Obj

1..>100 
EeV ! paar – e-Gal <100 

Mpc – GZK Cher Auger ∃ GZK?

<10 GeV !!! – Sol √ Sol Sat div viele; Obj; Anw

<1 EeV !! – Gal √ SN? Sat, Array Kascade 
Grande, AMS (Quellen); Spektren A, E

1..>100 
EeV ! IR, GZK e-Gal <100 

Mpc √ AGN? Array 
(ISS Tel) Auger Quellen; Spektren A, E

1.9 K – – Kosm – Urknall ? ? ∃ ?

10 MeV – – Gal 20 SN UG-kt SNO, SuperK 
uvam SN-Modellierung

<10 MeV – – Sol √ Sol UG-kt Borexino Sonnenmodell; ν-Oszill.

TeV..EeV – – e-Gal – Obj UG-Gt IceCube Existenz? Quellen, DM-
Suche

1..>100 
EeV – – e-Gal – GZK UG-Gt Auger Existenz? GZK

? – – ? – Clust UG-kg..t Existenz? Quellen? DM-
Teilchen?

n.a. – – Gal – Kollapse Intf. Existenz? Quellen
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Neue Projekte

25

LHC, LHC, LHC
ILC
SuperB
Neutrinostrahlen, Neutrino-Factory
Megatonnen-Detektoren
CR-Observatorium mit 30 000 km2

Weltraum-basierte Teleskope: JEM-EUSO o.ä.
Gamma-Astronomie: H.E.S.S. (2), MAGIC, CTA
HE-Neutrino-Astronomie: IceCube++, KM3NeT
Suche nach Dunkler Materie mit ≥ 1 t Targetmaterial
Doppelter Betazerfall
+++
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 The predictable future: LHC Time-line 

~2021/22 

2017 or 18 

2013/14 

2009 Start of LHC 

Run 1: 7 TeV centre of mass energy,  luminosity  
ramping up to few 1033 cm-2 s-1, few fb-1 delivered 

2030 ILC, High energy LHC, ... ?  

Phase-II: High-luminosity LHC. New focussing magnets and 
CRAB cavities for very high luminosity with levelling 

Injector and LHC Phase-I upgrades to go to ultimate luminosity 

LHC shut-down to prepare machine for design 
energy and nominal luminosity   

Run 4: Collect data until > 3000 fb-1 

Run 3: Ramp up luminosity to 2.2 x nominal, reaching ~100 fb-1 / 
year accumulate few hundred fb-1  

Run 2: Ramp up luminosity to nominal (1034 cm-2 s-1), ~50 to 100 
fb-1  
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HE-LHC – LHC modifications 

2-GeV Booster 

Linac4 

SPS+, 
1.3 TeV, 2030? 

HE-LHC 
   2030? 

July 23, 2011 S. Myers                   ECFA-EPS, 
Grenoble 33 



Multi-TeV Linear Colliders challenges 

Luminosity 

• Beam acceleration: MW of beam power with high gradient and high efficiency 
 

• Generation of ultra-low emittances: micron rad-m in H, nano rad-m in V 
 

• Preservation of low emittances in strong wake field environment 
                         Alignment (micron range) 
                         Stability (nano-meter range) 
 

• Small beam sizes at Interaction Point: Focusing to nm beam sizes 
                                              Stability to sub nano-meter 

Energy reach 

e+ e- 

source 
damping ring 

main linac 

beam delivery 

• Accelerating structures: large accelerating fields with low breakdown rate 
 

• RF power source: high peak power with high efficiency 

July 23, 2011 S. Myers                   ECFA-EPS, 
Grenoble 40 
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July 23, 2011 S. Myers                   ECFA-EPS, 
Grenoble 41 
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Electrons

Main Linac

Damping Rings

not to scale

The ILC – a step-by-step guide

How does the ILC work? Like any complex machine, the 31 kilometre-long accelerator 
is made up of several systems – each one an essential component for launching parti-
cles at close to the speed of light. This step-by-step guide explains how the ILC works.

Electrons
To produce electrons we will 
direct high-intensity, two-
nanosecond light pulses from a 
laser at a target and knock out 
billions of electrons per pulse. We 
will gather the electrons using 
electric and magnetic fields to 
create bunches of particles and 
launch them into a 250-metre 
linear  accelerator that boosts 
their energy to 5 GeV. 

Positrons
Positrons, the antimatter partners of electrons, do 
not  exist naturally on Earth. To produce them, we 
will send the high-energy electron beam through 
an undulator, a special arrangement of magnets in 
which electrons are sent on a ‘roller coaster’ course. 
This turbulent motion will cause the electrons to 
emit a stream of X-ray photons. Just beyond the 
undulator the electrons will return to the main ac-
celerator, while the photons will hit a titanium-alloy 
target and produce pairs of electrons and positrons. 
The positrons will be collected and launched into 
their own 250-metre 5-GeV accelerator. 

The detectors
Travelling towards each other at nearly the speed of light, the electron and positron 
bunches will collide with a total energy of up to around 500 GeV. We will record the spec-
tacular collisions in two interchangeable giant particle detectors. These work like gigantic 
cameras, taking snapshots of the fleeting particles produced by the electron-positron 
collisions. The two detectors will incorporate different but complementary state-of-the-art 
technologies to capture this precious information about every particle produced in each 
interaction. Having these two detectors will allow vital cross-checking of the potentially 
subtle physics discovery signatures.

Positron source

03 | ILC: THE MACHINE FOR THE FUTURE
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The damping rings
When created, neither the electron nor the positron 
bunches are compact enough to yield the high den-
sity needed to produce copious collisions inside the 
detectors. Two 6.7 kilometre-circumference damp-
ing rings, one for electrons and one for positrons, 
will solve this problem. In each ring, the bunches 
will repeatedly traverse a series of wigglers, devices 
that causes the beam trajectories to ‘wiggle’ in a 
way that makes the bunches more compact. Each 
bunch will spend approximately two tenths of a 
second in its damping ring, circling roughly 10,000 
times before being kicked out. Magnets will keep 
the particles on track and focused in their circular 
orbits around the ring. Upon exiting the damping 
rings, the bunches will be a few millimetres long 
and thinner than a human hair. 

The linacs
Two main linear accelerators (called linacs), one for electrons and one for positrons, each 12 kilometres 
long, will accelerate the bunches of particles toward the collision point. Each accelerator consists of hollow 
structures called superconducting cavities, nestled within a series of cooled vessels known as cryo modules. 
The modules use liquid helium to cool the cavities to –271 °C, only slightly above absolute zero, to make 
them superconducting. Electromagnetic waves fill the cavities to ‘push’ the particles, accelerating them to 
energies up to 250 GeV. Each electron and positron bunch will then contain an energy of about a kilojoule, 
which corresponds to an average beam power of roughly 10 megawatts. The whole process of production of 
electrons and positrons, damping, and acceleration will repeat five times every second.

The beam delivery systems
In order to maximise the luminosity, the bunches 
of particles must be extremely small. A series of 
magnets, arranged along two 2-kilometre beam 
delivery systems on each side of the collision point, 
will focus the beams to a few nanometres in height 
and a few hundred nanometres in width. The beam 
delivery systems will scrape off stray particles in 
the beams and protect the sensitive magnets and 
detectors. Magnets will steer the electrons and posi-
trons into head-on collisions.

Electron Source
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Obwohl nur ein sehr kleiner Anteil des reflektierten (auf der Erde, im Wasser oder an Wolken) oder gestreuten Lichts vom 

Orbit aus detektiert werden kann, birgt es dennoch zusätzliche Informationen zum Auftreffpunkt und zeitlichen Verlauf des 

Schauers,  die die Rekonstruktion verbessern. Für die Bestimmung der Parameter des Luftschauers ist das äußerst nützlich. 

Das Cherenkov-Licht wird als Menge von Photonen beobachtet, die in einem kurzen Zeitintervall aus  einer begrenzten 

Region kommen. Cherenkov-Licht, das während der Entwicklung der Schauer in großen Winkeln gestreut wurde,  kann JEM-

EUSO auch nach mehreren Streuprozessen erreichen. Abbildung 2.2 zeigt eine Zusammenfassung der 

Beobachtungsmethode.

2.2 Die Rolle der Atmosphäre

Die Atmosphäre fungiert gegenüber JEM-EUSO als Signaldämpfer (durch Streuung und Absorption)  sowie als Quelle von 

Hintergrundstrahlung. Die wichtigsten Prozesse,  die die Signale beeinflussen, sind Rayleigh- und Mie-Streuung, Ozon-

Absorption (mit großer Wirksamkeit bis  !~ 330 nm), und die Gegenwart von Wolken (beeinträchtigen sowohl die 

Signalübermittlung als  auch die Charakterisierungsmöglichkeit für Teilchenschauer). Rayleigh-Streuung dominiert dabei klar 

die anderen Prozesse bezüglich der dabei verlorengehenden Energie. Echtzeitmessungen der vorherrschenden 

Bedingungen sind daher obligatorisch. Sie sollen mittels eines  speziell dieser Aufgabe gewidmeten Atmosphärenmonitors, 

dem Atmosphere Monitoring System (AMS) durchgeführt werden. Die Aufgaben des AMS können wie folgt 

zusammengefasst werden: kontinuierliche Beobachtung der Atmosphäre innerhalb des Gesichtsfeldes von JEM-EUSO und 

Vermessen der wichtigsten Parameter zur Bestimmung ihrer optischen Eigenschaften. Die beiden Anforderungen an das 

AMS-Instrument werden durch die benötigte Präzision bei der Vermessung der UHECR Energie und Bestimmung der Tiefe 

des Schauermaximums bestimmt:

• Vermessung der Vertikalstruktur der Wolken- und Aerosol-Schichten in der Atmosphäre mit einer Auflösung besser als 

~500 m im Bereich um die Schauer-Events

• Vermessung des Profils der optischen Tiefe vom Teleskop bis zum Ort des Schauers mit einer Genauigkeit von besser als 

'&"0.15.

Abbildung 2.2: die Beobachtungsmethode von JEM-EUSO im Detail

IAAT, University of Tübingen     Sand 1, Tübingen, 72076, Germany, http://www.uni-tuebingen.de/index.php?id=3130
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from Earth’s surface or dense cloud tops (Fig. 
D-4). EUSO captures the time development of 
an EAS, allowing the energy and arrival direc-
tion of the EECR to be determined. !e charac-
teristics of the EAS can be used to discriminate 
between nuclei, gamma rays, and neutrinos. 
 !e most signi"cant capability of the EUSO 
optics is its ability to perform wide-"eld imag-
ing with the required resolution. !e light from 
an EAS that reaches EUSO is focused within a 
3-mm spot size, allowing it to reliably trigger at 
energies above 37 EeV for events near the nadir. 
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Figure D-3. EECR simulation showing de!ection in magnetic "elds.

Signals: Detectable shower energies
with the EUSO camera are above 3×1019 eV.

!E/E=30%
Energy Resolution: A 1020 eV Shower
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Y~300 Photoelectrons/
pixel/GTU
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Figure D-2. Observational technique.

Unlike ground-based experiments, EUSO’s 
exposure increases with energy, as the EASs 
become brighter.

D.2 Scienti!c Objective and Goals 
 EECRs were discovered almost 50 years ago 
by Linsley9, but the sources remain a mystery5, 10, 

11. Because EECRs with energies ≥100 EeV will be 
de$ected little by cosmic magnetic "elds, charged-
particle astronomy is possible at these energies12 

(Fig. D-3). !e observable $ux of EECRs (Fig. 
D-5) above ~70 EeV (EGZK) is suppressed by 
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