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Fig. 4.19. Integrating
Cherenkov cone of an AIRO-
BICC station and auxiliaries.
Directly above the PMT a
glass filter restricted the in-
coming light to wavelengths
smaller than 500 nm and
a plexiglass cover protected
against dew, white frost and
dust [29]
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Lateral  distribution  of  Cerenkov  light

This  part  depends  mainly  on  energy

This  part  depends  mainly  on
distance  to  shower  maximum

Tunka Experiment

Ch.  Spiering,  DPG  2005
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The Pierre Auger Observatory
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The detection principle
ΔE = 18% stat.  22% syst.
ΔΘ < 1°
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Atmospheric Monitoring and its Use in Air Shower Analysis at

the Pierre Auger Observatory
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†Observatorio Pierre Auger, Av. San Martin Norte 304, 5613 Malargüe, Argentina

Abstract. For the analysis of air showers measured

using the air fluorescence technique, it is essential

to understand the behaviour of the atmosphere.

At the Pierre Auger Observatory, the atmospheric

properties that affect the production of UV light

in air showers and the transmission of the light to

the fluorescence telescopes are monitored regularly.

These properties include the temperature, pressure,

and humidity as a function of altitude; the optical

depth and scattering behaviour of aerosols; and

the presence of clouds in the field of view of the

telescopes. The atmospheric measurements made at

the observatory describe a detector volume in excess

of 30,000 cubic km. Since 2004, the data have been

compiled in a record of nightly conditions, and this

record is vital to the analysis of events observed

by the fluorescence telescopes. We will review the

atmospheric monitoring techniques used at the ob-

servatory and discuss the influence of atmospheric

measurements on estimates of shower observables

using real and simulated data.

Keywords: ultra high-energy cosmic rays, air fluo-

rescence technique, atmospheric monitoring

I. INTRODUCTION

The Pierre Auger Observatory comprises two cosmic

ray extensive air shower detectors: a Surface Detector

Array (SD) of 1600 water Cherenkov detectors, and a

Fluorescence Detector (FD) of 24 telescopes at four sites

overlooking the array. Observations carried out with the

FD yield nearly calorimetric measurements of the energy

of each primary cosmic ray. The FD telescopes are also

used to observe the slant depth of shower maximum

(Xmax), which is sensitive to the mass composition of

cosmic rays. Simultaneous shower measurements with

the SD and FD (hybrid events) provide high-quality data

used in physics analysis and in the calibration of the SD

energy scale.

The crucial roles of hybrid calibration and shower

measurement performed by the FD depend on detailed

knowledge of atmospheric conditions. Light from exten-

sive air showers is produced in the atmosphere, and it is

transmitted through the air to the observing telescopes.

The production of fluorescence and Cherenkov pho-

tons in a shower depends on the temperature, pressure,

and humidity of the air. Moreover, as the light travels

from the shower axis to the fluorescence telescopes, it

is scattered from its path by molecules and aerosols.

Therefore, atmospheric conditions have a major impact

on shower energies and shower maxima estimated using

the fluorescence technique.

To characterise the behaviour of the atmosphere at

the Pierre Auger Observatory, extensive atmospheric

monitoring is performed during and between FD shifts.

Fig. 1 depicts the instruments used in the monitoring

program. Atmospheric state variables such as pressure,

temperature, and humidity are recorded using meteoro-

logical radio soundings launched from a helium balloon

station [1], and conditions at ground level are recorded

by five weather stations. Aerosol conditions are mea-

sured using central lasers, lidars, and cloud cameras [2],

[3], [4], as well as optical telescopes and phase func-

tion monitors [5], [6]. The atmospheric data have been

incorporated into a multi-gigabyte database used for

the reconstruction and analysis of hybrid events. We

describe the use of these data in estimates of shower light

production (Section II) and atmospheric transmission

(Section III), and in Section IV we summarise systematic

uncertainties in the hybrid reconstruction.

 FD Los Leones:
Lidar, Raman, HAM, FRAM

IR Camera
 Weather Station

 FD Los Morados:
Lidar, APF
IR Camera

 Weather Station

 FD Loma Amarilla:
Lidar

IR Camera
 Weather Station FD Coihueco:

Lidar, APF

IR Camera
 Weather Station

eu  Malarg

  Central Laser Facility
 Weather Station

  eXtreme Laser Facility

  Balloon
Launch
Station

10 km

Fig. 1: Atmospheric monitors at the Pierre Auger Ob-

servatory include two central lasers, four elastic lidar

stations, one Raman lidar, four IR cameras, five weather

stations, a balloon launch facility, two aerosol phase

function (APF) monitors, and two optical telescopes

(HAM, FRAM).
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Fig. 6. Top: raw IRCC image. Bottom: FD pixels coverage mask: lighter values on the greyscale represent greater cloud coverage

pixels to be removed from the shower reconstruction

procedure. Cloud cameras are not radiometric, therefore

each pixel value is proportional to the difference between

the temperature in the viewing direction and the average

temperature of the entire scene. In fig. 6, the raw IRCC

images of the FD field of view are shown together with

the final mask. The database is filled with the coverage

for each pixel in the map.

While the IR cloud cameras and the FD background

data analyses record the cloud coverage in the FD field

of view, they cannot determine cloud heights, that must

be measured using the LIDAR stations and CLF. In

cloud detection mode, LIDAR telescopes sweep the sky

with a continuous scan in two orthogonal paths with

fixed azimuthal angle, one of which is along the central

FD azimuth angle, with a maximum zenith angle of

45!. The full scan takes 10 minutes per path. Clouds
are detected as strong localised scattering sources, and

the timing of the scattered light is related to the cloud

height. The cloud finding algorithm starts with the

subtraction of the expected signal for a simulated purely

molecular atmosphere (Smol) to the real one (Sreal).

The obtained signal is approximately constant before

the cloud, and has a non-zero slope inside the cloud.

A second-derivative method to identify cloud candidates

and obtain cloud thickness is applied. LIDARs provide

hourly information on cloud coverage and height.

In fig. 7, the intensity of the backscattered light as

a function of height and horizontal distance from the

LIDAR station is shown.
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Fig. 7. A cloud layer around 3.5 km height as detected by the LIDAR

The Central Laser Facility and the eXtreme Laser Fa-

cility can be used to detect clouds along the vertical laser

path and between their position and the FDs, looking at

the profiles of photons collected at the FD buildings,

since clouds can enhance or block the trasmitted light,

depending of their position. A cloud positioned directly

along the vertical laser track will scatter a greater amount

of light in every direction, producing a peak in the light

profile. In this case the cloud is directly above the laser

facility site, and timing of the scattered light is related

to the cloud height allowing to define the height of the

cloud layer. If clouds are between the laser source and

the FD, a local decrease in the laser light profile is

observed. In this case the timing of the received light

is not directly related to the cloud height, and only the

cloud coverage in the FD field of view can be defined.

A database is filled with the informations on the height

of the observed cloud layers.

V. CONCLUSIONS

The Pierre Auger Observatory operates a huge sys-

tem to provide continuous measurements of the highly

variable aerosol attenuation and for the detection of

clouds, main sources of uncertainties in the shower re-

construction. The highest energy air showers are viewed

at low elevation angles by the Fluorescence Detectors

and through long distances in the lower part of the

atmosphere, where aerosols are in higher concentration

and therefore the aerosol attenuation becomes increas-

ingly important. Also clouds have a significant effect on

shower reconstruction. All the described instruments are

operating, and most of the results are currently used in

the reconstruction of shower events.
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Fig. 6. Top: raw IRCC image. Bottom: FD pixels coverage mask: lighter values on the greyscale represent greater cloud coverage

pixels to be removed from the shower reconstruction

procedure. Cloud cameras are not radiometric, therefore

each pixel value is proportional to the difference between

the temperature in the viewing direction and the average

temperature of the entire scene. In fig. 6, the raw IRCC

images of the FD field of view are shown together with

the final mask. The database is filled with the coverage

for each pixel in the map.

While the IR cloud cameras and the FD background

data analyses record the cloud coverage in the FD field

of view, they cannot determine cloud heights, that must

be measured using the LIDAR stations and CLF. In

cloud detection mode, LIDAR telescopes sweep the sky

with a continuous scan in two orthogonal paths with

fixed azimuthal angle, one of which is along the central

FD azimuth angle, with a maximum zenith angle of

45!. The full scan takes 10 minutes per path. Clouds
are detected as strong localised scattering sources, and

the timing of the scattered light is related to the cloud

height. The cloud finding algorithm starts with the

subtraction of the expected signal for a simulated purely

molecular atmosphere (Smol) to the real one (Sreal).

The obtained signal is approximately constant before

the cloud, and has a non-zero slope inside the cloud.

A second-derivative method to identify cloud candidates

and obtain cloud thickness is applied. LIDARs provide

hourly information on cloud coverage and height.

In fig. 7, the intensity of the backscattered light as

a function of height and horizontal distance from the

LIDAR station is shown.
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Fig. 7. A cloud layer around 3.5 km height as detected by the LIDAR

The Central Laser Facility and the eXtreme Laser Fa-

cility can be used to detect clouds along the vertical laser

path and between their position and the FDs, looking at

the profiles of photons collected at the FD buildings,

since clouds can enhance or block the trasmitted light,

depending of their position. A cloud positioned directly

along the vertical laser track will scatter a greater amount

of light in every direction, producing a peak in the light

profile. In this case the cloud is directly above the laser

facility site, and timing of the scattered light is related

to the cloud height allowing to define the height of the

cloud layer. If clouds are between the laser source and

the FD, a local decrease in the laser light profile is

observed. In this case the timing of the received light

is not directly related to the cloud height, and only the

cloud coverage in the FD field of view can be defined.

A database is filled with the informations on the height

of the observed cloud layers.

V. CONCLUSIONS

The Pierre Auger Observatory operates a huge sys-

tem to provide continuous measurements of the highly

variable aerosol attenuation and for the detection of

clouds, main sources of uncertainties in the shower re-

construction. The highest energy air showers are viewed

at low elevation angles by the Fluorescence Detectors

and through long distances in the lower part of the

atmosphere, where aerosols are in higher concentration

and therefore the aerosol attenuation becomes increas-

ingly important. Also clouds have a significant effect on

shower reconstruction. All the described instruments are

operating, and most of the results are currently used in

the reconstruction of shower events.
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detector has detected secondary shower particles simul-

taneously. The data from the SD system restricts the time

and the location of the shower impact point on ground.

This improves the reconstruction of the shower geometry

significantly [5]. An accurate geometry reconstruction

with an uncertainty of about 0.5! is the necessary basis
for energy and composition determination. But recording

of hybrid data needs also adequate trigger efficiency

for the individual surface detectors at lowest energies.

Therefore, an enlarged energy range down to 10 17 eV

with high-quality hybrid events requires an extended

field of view for FD telescopes in combination with

a surface detector array of higher density in a small

fraction of the observatory.

II. DESIGN AND PROPERTIES OF HEAT

In 2006 the Auger Collaboration decided to extend

the original fluorescence detector, a system consisting

of 24 telescopes located at four sites, by three High

Elevation Auger Telescopes (HEAT). These telescopes

have now been constructed, and they are located 180 m

north-east of the Coihueco FD building. At the same

time, the collaboration deployed extra surface detector

stations as an infill array of 25 km2 close to and in

the field of HEAT. Additional large area muon detectors

(AMIGA) [6] will determine the muon content of the

shower and further improve the determination of the

composition of the primary cosmic ray particles.

The design of HEAT is very similar to the original FD

system, except for the possibility to tilt the telescopes

upwards by 29!. In both cases a large field of view
of about 30!! 30! is obtained using a Schmidt optics.
Fluorescence light entering the aperture is focused by a

spherical mirror onto a camera containing 440 hexagonal

PMTs. An UV transmitting filter mounted at the entrance

window reduces background light from stars effectively.

An annular corrector ring assures a spot size of about

0.6! despite the large effective aperture of 3 m2. The

high sensitivity of the Auger FD telescopes enables

the detection of high energy showers up to 40 km

distance. A slow control system for remote operation

from Malargüe allows safe handling.

Differences between the conventional FD telescopes

and HEAT are caused by the tilting mechanism. While

the original 24 FD telescopes are housed in four solid

concrete buildings, the 3 HEAT telescopes are installed

in individual, pivot-mounted enclosures (see figure 2).

Each telescope shelter is made out of lightweight in-

sulated walls coupled to a steel structure. It rests on

a strong steel frame filled with concrete. An electric

motor can tilt this heavy platform though a commercial

hydraulic drive by 29! within two minutes. The whole
design is very rigid and can stand large wind and

snow loads as required by legal regulations. All optical

components are connected to the heavy-weight ground

plate to avoid wind induced vibrations and to keep the

geometry fixed.

Fig. 2. Photo of the 3 HEAT telescopes tilted upward, end of January
2009. In the background the telecommunication tower of Coihueco is
visible.

Mirror and camera are adjusted in horizontal position.

However, by tilting the telescope the varying gravita-

tional force on camera body and mirror can change

their relative position. Supplemental fixing bolts and an

improved support structures are foreseen to keep the

alignment of the optical system stable, which is essential

for telescope pointing and optical resolution. Sensors for

inclination are mounted at the mirror top, camera top

and bottom, and at the aperture box. Distance sensors

monitor the critical distance between camera and several

points at the mirror system. These sensors are readout

frequently for monitoring purposes.

Another design change for HEAT is the use of an

improved DAQ electronics. The concept of the new

electronics is the same as before, but as several elec-

tronic circuits have become obsolete, every front-end

board had to be redesigned. Like the conventional FD

electronics, the DAQ of one HEAT telescope contains

20 Analog Boards (AB) for analog signal processing,

20 First Level Trigger (FLT) boards for signal digitizing

and storage, and one Second Level Trigger (SLT) board

for the recognition of fluorescence light tracks and the

initiation of data readout.

Along with faster FPGA logic the sampling rate was

increased from 10 MHz to 20 MHz. The cut-off fre-

quency of the anti-aliasing filters on the AB was adapted

to about 7 MHz, but the other functions of the board

remain the same. The redesigned FLT board implements

all functions in FPGA of the Cyclone II FPGA family.

A new custom-designed backplane provides dedicated

point-to-point links between the FLT and SLT which

lead to a factor 40 higher readout speed compared to

the previous design. The usage of state-of-the-art FPGA

in combination with the higher speed also establishes

new fields of application for the DAQ system. The

HEAT DAQ system is also the baseline design and the

prototype for the Auger North FD electronics.

III. OPERATION OF HEAT

The horizontal (‘down’) position is the only position

in which a person can physically enter the enclosure.

This configuration is used for installation, commission-

ing, and maintenance of the hardware. The absolute
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calibration of the telescopes will be performed in this

position as well. As the field of view of the exist-

ing Coihueco telescopes overlaps with HEAT in down

position, it is possible to record air showers or laser

tracks simultaneously. By comparing the reconstruction

results from both installations one can directly determine

the telescope resolution in energy and Xmax. We also

want to reserve part of the time at one HEAT telescope

for prototype studies for Auger North. Recording the

same event in Coihueco and with the Auger North

prototype will allow a direct comparison of the trigger

and reconstruction efficiencies.

The tilted (‘up’) position is the default HEAT state.

Telescopes are moved into this position at the beginning

of a measuring run and stay that way untill the end

of the run. From the trigger point of view the tele-

scopes operate like a fifth FD building. Data of of the

different installations (HEAT, diffenent FD sites, infill

and Amiga, surface detector) are merged offline only,

but the exchange of triggers in real time makes the

recording of hybrid showers possible. The combined

data will improve the accuracy of shower energy and

Xmax determination at all energies, but especially at the

lower end down to 1017 eV.

IV. FIRST MEASUREMENTS

First measurements were performed with HEAT tele-

scope #2 at the end of January 2009. From January,

30th to February, 1st the telescope was operated for two

nights in up and down position. At first, the camera was

illuminated with a short light pulse from a blue LED

located at the center of the mirror. The High Voltage

for the PMTs and the individual electronic gains were

adjusted to achieve uniform light response in every pixel.

Subsequent measurements with the LED pulser were

performed at different tilting angles, but with the same

settings as found in in down position. No indications

were found for a gain change due to changed orientation

of the PMTs in the Earth’s magnetic field.

In the next step, the mechanical stability of the

optical system was verified. The telescope was tilted

several times from down to up position and back. The

readings of the inclination and distance sensors were

recorded during the movement. The analysis of the dis-

tance between camera and center of the mirror showed

damped oscillations of low amplitude which stopped

within seconds after the movement terminated. At rest

the distance change between up and down position is

less than 0.5 mm which is neglible for the telescope’s

optical properties.

After these cross-checks several showers were re-

corded with the telescope tilted in up position and in

coincidence with Coihueco telescopes #4 or #5. One of

the recorded events is shown in figure 3. The event data

of both telescopes match very well in time (colour of the

pixels in figure 3). The reconstruction yields a shower

distance of 2.83±0.06 km from Coihueco and an energy
of the primary particle of (2.0 ± 0.2) · 1017 eV.
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In figure 4, the reconstructed longitudinal shower

profile is shown together with a fit to a Gaisser-Hillas

function. The fit yields a value of (657 ± 12) g cm!2

for Xmax. The plot also accentuates the need for HEAT

telescopes for an accurate reconstruction: Using only the

data point above a slant depth of 700 g cm!2 (Coihueco

data) it would not have been possible to fit the profile

and find a precise maximum.
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Fig. 4. Longitudinal shower profile of event in figure 3 together with
Gaisser-Hillas-fit. Only a fit using both HEAT (left) and Coihueco
(right) data points results in a reasonable Xmax value.

V. CONCLUSION AND OUTLOOK

First measurements with a single telescope have

demonstrated that HEAT will improve the energy thresh-

old of the Pierre Auger Observatory at the Southern

site down to about 1017 eV. The HEAT design satisfies

all requirements with respect to stability and ease of

operation. It is expected that all three HEAT telescopes

are fully operational in September 2009. They will

provide interesting data in the transition region from

galactic to extragalactic sources and allow important

prototype tests for the design of the Auger North FD

system.
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Abstract. The original fluorescence telescopes of the

southern Pierre Auger Observatory have a field of

view from about 1.5! to 30! in elevation. The con-
struction of three additional telescopes (High Eleva-

tion Auger Telescopes HEAT) is nearing completion

and measurements with one telescope have started.

A second telescope will be operational by the time

of the conference. These new instruments have been

designed to improve the quality of reconstruction

of showers down to energies of 1017 eV. The extra

telescopes are pivot-mounted for operation with a

field of view from 30! to 58!. The design is optimised
to record nearby showers in combination with the

existing telescopes at one of the telescope sites, as

well as to take data in hybrid mode using the mea-

surements of surface detectors from a more compact

array and additional muon detectors (AMIGA). The

design, expected performance, status of construction,

and first measurements are presented.

Keywords: HEAT, high-elevation fluorescence tele-

scope, galactic, extragalactic

I. INTRODUCTION

The Pierre Auger Observatory has been designed to

measure the energy, arrival direction and composition

of cosmic rays from about 1018 eV to the highest

energies with high precision and statistical significance.

The construction of the southern site near Malargüe,

Province of Mendoza, Argentina is completed since mid

2008 and the analysis of the recorded data has provided

first results with respect to the energy spectrum [1], the

distribution of arrival directions [2], the composition,

and upper limits on the gamma ray and neutrino flux

[3], [4]. The measured cosmic ray observables at the

highest energies are suitable to tackle open questions like

flux suppression due to the GZK cut-off, to discriminate

between bottom-up and top-down models and to locate

possible extragalactic point sources.

However, for best discrimination between astrophysi-

cal models, the knowledge of the evolution of the cosmic

ray composition in the transition region from galactic

to extragalactic cosmic rays in the range 1017 eV to

1019 eV is required. Tests of models for the accelera-

tion and transport of galactic and extragalactic cosmic

rays are sensitive to the composition and its energy

dependence in the transition region where the current

observatory has low efficiency.

30° field 
of view

Fig. 1. Effect of limited field of view on reconstruction: Showers
approaching the telescope have much higher reconstruction probability
than those departing.

The fluorescence technique is best suited to determine

the cosmic ray composition by a measurement of the

depth of shower maximum. However, it is difficult to

lower the energy threshold with the original design of

the fluorescence telescopes. As the fluorescence light

signal is roughly proportional to the primary particle

energy, low energy showers can be detected only at

close distance to a telescope. The field of view of the

existing Auger fluorescence telescope (FD) is limited to

30! above the horizon (see figure 1). At close distances
only the lowest few kilometres of the atmosphere are

within the field of view. However, low energy showers

reach their maximum of development at higher altitudes.

Thus, the crucial region around the shower maximum

is generally not observable. The small fraction of the

shower development, which falls within the field of view,

is mostly very dim and is insufficient to determine the

depth of shower maximum Xmax. In addition, this cut-

off effect also depends on primary mass and shower

direction. A plain reconstruction of the shower profile

using raw data would yield biased results with respect

to zenith angle and mass composition. Cuts on the data

to remove this bias (anti-bias cuts) are not useful as

only very few showers would be left for the Xmax

determination.

From these arguments it is clear that an effective

and unbiased detection of cosmic rays of lower energies

requires the extension of the field of view to larger eleva-

tions. From the data collected since 2004, we know that

the quality of reconstruction is improved considerably if

showers are recorded by a hybrid trigger. These hybrid

events provide information on the shower profile from

the FD telescopes, but in addition at least one surface
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calibration of the telescopes will be performed in this

position as well. As the field of view of the exist-

ing Coihueco telescopes overlaps with HEAT in down

position, it is possible to record air showers or laser

tracks simultaneously. By comparing the reconstruction

results from both installations one can directly determine

the telescope resolution in energy and Xmax. We also

want to reserve part of the time at one HEAT telescope

for prototype studies for Auger North. Recording the

same event in Coihueco and with the Auger North

prototype will allow a direct comparison of the trigger

and reconstruction efficiencies.

The tilted (‘up’) position is the default HEAT state.

Telescopes are moved into this position at the beginning

of a measuring run and stay that way untill the end

of the run. From the trigger point of view the tele-

scopes operate like a fifth FD building. Data of of the

different installations (HEAT, diffenent FD sites, infill

and Amiga, surface detector) are merged offline only,

but the exchange of triggers in real time makes the

recording of hybrid showers possible. The combined

data will improve the accuracy of shower energy and

Xmax determination at all energies, but especially at the

lower end down to 1017 eV.

IV. FIRST MEASUREMENTS

First measurements were performed with HEAT tele-

scope #2 at the end of January 2009. From January,

30th to February, 1st the telescope was operated for two

nights in up and down position. At first, the camera was

illuminated with a short light pulse from a blue LED

located at the center of the mirror. The High Voltage

for the PMTs and the individual electronic gains were

adjusted to achieve uniform light response in every pixel.

Subsequent measurements with the LED pulser were

performed at different tilting angles, but with the same

settings as found in in down position. No indications

were found for a gain change due to changed orientation

of the PMTs in the Earth’s magnetic field.

In the next step, the mechanical stability of the

optical system was verified. The telescope was tilted

several times from down to up position and back. The

readings of the inclination and distance sensors were

recorded during the movement. The analysis of the dis-

tance between camera and center of the mirror showed

damped oscillations of low amplitude which stopped

within seconds after the movement terminated. At rest

the distance change between up and down position is

less than 0.5 mm which is neglible for the telescope’s

optical properties.

After these cross-checks several showers were re-

corded with the telescope tilted in up position and in

coincidence with Coihueco telescopes #4 or #5. One of

the recorded events is shown in figure 3. The event data

of both telescopes match very well in time (colour of the

pixels in figure 3). The reconstruction yields a shower

distance of 2.83±0.06 km from Coihueco and an energy
of the primary particle of (2.0 ± 0.2) · 1017 eV.
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Fig. 3. This shower was recorded by HEAT telescope #2 and
Coihueco telescope #5.The relative arrival time of the fluorescence
light is coded in the colour of the pixel. The solid line is a fit of the
shower detector plane.

In figure 4, the reconstructed longitudinal shower

profile is shown together with a fit to a Gaisser-Hillas

function. The fit yields a value of (657 ± 12) g cm!2

for Xmax. The plot also accentuates the need for HEAT

telescopes for an accurate reconstruction: Using only the

data point above a slant depth of 700 g cm!2 (Coihueco

data) it would not have been possible to fit the profile

and find a precise maximum.
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Fig. 4. Longitudinal shower profile of event in figure 3 together with
Gaisser-Hillas-fit. Only a fit using both HEAT (left) and Coihueco
(right) data points results in a reasonable Xmax value.

V. CONCLUSION AND OUTLOOK

First measurements with a single telescope have

demonstrated that HEAT will improve the energy thresh-

old of the Pierre Auger Observatory at the Southern

site down to about 1017 eV. The HEAT design satisfies

all requirements with respect to stability and ease of

operation. It is expected that all three HEAT telescopes

are fully operational in September 2009. They will

provide interesting data in the transition region from

galactic to extragalactic sources and allow important

prototype tests for the design of the Auger North FD

system.
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few particles are expected per km2 and century, huge
ground based installations are necessary to measure sec-
ondary products generated by cosmic rays in the atmo-
sphere and the (average) mass can be estimated coarsely
only. The situation is sketched figuratively in Fig. 1.

At energies in the MeV range sophisticated silicon detec-
tors, operated in outer space, like the Ulysses HET (Simp-
son et al., 1992) or the ACE/CRIS (0.025 m2 sr) (Stone
et al., 1998) experiments can identify individual isotopes,
fully characterized by simultaneous measurements of their
energy, charge, and mass (E,Z,A). Since the particles have
to be absorbed completely in a silicon detector this tech-
nique works up to energies of a few GeV only.

In the GeV domain particles are registered with mag-
netic spectrometers on stratospheric balloons, like the
BESS instrument (Ajima et al., 2000). They are the only
detectors discussed here which are able to identify the sign
of the particles charge. All other detectors rely on the fact
that the specific ionization loss is dE/dx ! Z2, thus |Z| is
derived from the measurements. Magnet spectrometers
are the only detectors suitable to distinguish between mat-
ter and antimatter as e.g. e+ ! e!, p ! !p, or He!He. The
particle momentum is derived from the curvature of the
trajectory in a magnetic field, which limits the usage of
these detectors to energies approaching the TeV scale.

At higher energies particles are measured with balloon
borne instruments on circumpolar long duration flights
(Jones, 2005). Individual elements are identified, character-
ized by their charge and energy. |Z| is determined through
dE/dx measurements. Experimentally most challenging is
the energy measurement. In calorimeters the particles need
to be (at least partly) absorbed. The weight of a detector
with a thickness of one hadronic interaction length (ki)
and an area of 1 m2 amounts to about 1 t. Due to weight
limitations actual detectors like ATIC (Guzik et al., in
press) or CREAM (Seo et al., 2004) have to find an opti-
mum between detector aperture and energy resolution,

resulting in relatively thin detectors with a thickness of
1.7 ki (ATIC) or 0.7 ki (CREAM) only. The measurement
of transition radiation from cosmic-ray particles allows to
build large detectors with reasonable weight. The largest
cosmic-ray detector ever flown on a balloon, the TRACER
experiment (Gahbauer et al., 2004) has an aperture of
5 m2 sr. During a long duration balloon flight over Antarc-
tica (Hörandel, 2006a) and another flight from Sweden to
Alaska (Boyle, in press), up to now an exposure of
70 m2 sr d has been reached with this experiment. With
such exposures the energy spectra for individual elements
can be extended to energies exceeding 1014 eV.

To access higher energies very large exposures are neces-
sary. At present reached only in ground based experiments,
registering extensive air showers. In the TeV regime (small)
air showers are observed with imaging Čerenkov telescopes
such as the HEGRA (Aharonian et al., 1999), HESS (Hin-
ton, 2004), MAGIC (Ferenc, 2005), or VERITAS (Weekes
et al., 2002) experiments. These instruments image the tra-
jectory of an air shower in the sky with large mirrors onto a
segmented camera.

For primary particles with energies exceeding 1014 eV
the particle cascades generated in the atmosphere are large
enough to reach ground level, where the debris of the cas-
cade is registered in large arrays of particle detectors. Two
types of experiments may be distinguished: installations
measuring the longitudinal development of showers (or
the depth of the shower maximum) in the atmosphere
and apparatus measuring the density (and energy) of sec-
ondary particles at ground level.

The depth of the shower maximum is measured in two
ways. Light-integrating Čerenkov detectors like the
BLANCA (Fowler et al., 2001) or TUNKA (Gress et al.,
1999) experiments are in principle arrays of photomulti-
plier tubes with light collection cones looking upwards in
the night sky, measuring the lateral distribution of Čeren-
kov light at ground level. The depth of the shower maxi-
mum and the shower energy is derived from these
observations. Imaging telescopes as in the HiRes (Abu-
Zayyad et al., 2001a) or AUGER (Abraham et al., 2004)
experiments observe an image of the shower on the sky
through measurement of fluorescence light, emitted by
nitrogen molecules, which had been excited by air shower
particles. These experiments rely on the fact that the depth
of the shower maximum for a primary particle with mass A
relates to the depth of the maximum for proton induced
showers as

XA
max " X p

max ! X 0 lnA; #1$

where X0 = 36.7 g/cm2 is the radiation length in air (Mat-
thews, 2005; Hörandel, 2006b).

An example for an air shower array is the KASCADE-
Grande experiment (Antoni et al., 2003; Navarra et al.,
2004), covering an area of 0.5 km2. The basic idea is to
measure the electromagnetic component in an array of
unshielded scintillation detectors and the muons in scintil-
lation counters shielded by a lead and iron absorber, while
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Fig. 1. Illustrative sketch of the composition resolution achieved by
di!erent cosmic-ray detection techniques as function of energy. Over the
energy range shown the flux of cosmic rays decreases by about 30 orders of
magnitude as indicated on the right-hand scale.
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the hadronic component is measured in a large calorimeter
(Engler et al., 1999). The total number of particles at obser-
vation level is obtained through the measurement of parti-
cle densities and the integration of the lateral density
distribution (Antoni et al., 2001). The direction of air
showers is reconstructed through the measurement of the
arrival time of the shower particles in the individual detec-
tors. Measuring the electron-to-muon ratio in showers, the
mass of the primary can be inferred. A Heitler model of
hadronic showers (Hörandel, 2006b) yields the relation

Ne

N l
! 35:1

E0

A " 1 PeV

! "0:15

#2$

or lg
Ne

Nl

! "
% C & 0:065 lnA:

This illustrates the sensitivity of air shower experiments
to lnA. To measure the composition with a resolution of
one unit in lnA the shower maximum has to be measured
to an accuracy of about 37 g/cm2 (see (1)) or the Ne/Nl

ratio has to be determined with an relative error around
16% (see (2)). Due to the large intrinsic fluctuations in air
showers, with existing experiments at most groups of ele-
ments can be reconstructed with DlnA ! 0.8 & 1.

The exposure achieved by several experiments is shown
in Fig. 2. The integral cosmic-ray flux roughly depends on
energy as !E&2. Hence, the grey lines (!E&2) serve to com-
pare the exposure of detectors in di!erent energy regimes.
It can be recognized that the di!erent experiments, despite
of their huge di!erences in physical size, ranging from the
!300 cm2 CRIS space experiment to the !3600 km2

AUGER air shower experiment, have about equal e!ective
sizes when the decreasing cosmic-ray flux is taken into
account.

3. Propagation

The propagation of cosmic rays in the Galaxy can be
described quantitatively, taking into account energy loss,
nuclear interactions, radioactive decay, spallation produc-
tion, and production by radioactive decay, using the equa-
tion (Simpson, 1983)
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Ji(x) is the flux of species i after propagating through an
amount of matter x [g/cm2] subject to the reduction of
Ji(0), that represents the source term. The other parameters
are: dE/dx, the rate of ionization energy loss; rt

i, the total
inelastic cross section for species i; Ti, the mean lifetime
at rest for radioactive decay for species i; rij, the cross sec-
tion for production of species i from fragmentation of spe-
cies j; Tij, the mean lifetime at rest for decay of species j into
species i; NA, Avogadro’s Number; A, the mean atomic
weight of the interstellar gas; and c, the Lorentz factor.
The exact spatial distribution of the matter traversed be-
comes important only when considering radioactive iso-
topes, since the distance traversed in a time T is qbcT.

Abundances of stable secondary nuclei (produced dur-
ing propagation) indicate the average amount of interstel-
lar medium traversed during propagation before escape.
Because secondary radioactive cosmic-ray species will be
created and decay only during transport, their steady-state
abundances are sensitive to the confinement time if their
mean lifetimes are comparable or shorter than this time.

At low energies around 1 GeV/n the abundance of indi-
vidual elements in cosmic rays has been measured. A com-
pilation of data from various experiments is presented in
Fig. 3. The data are compared to the abundance in the
solar system. Overall, a good agreement between cosmic
rays and solar system matter can be stated. However, there
are distinguished di!erences as well, giving hints to the
acceleration and propagation processes of cosmic rays.

The elements lithium, beryllium, and boron, the ele-
ments below iron (Z = 26), and the elements below the lead
group (Z = 82) are significantly more abundant in cosmic
rays as compared to the solar system composition
(Fig. 3). This is attributed to the fact, that these elements
are produced in spallation processes of heavier elements
(fourth term in (3)) during the propagation through the
Galaxy.

Measured ratios of secondary to primary nuclei, namely
boron/carbon and (scandium + vanadium)/iron, are
shown in Fig. 4 (Yanasak et al., 2001). These ratios can
be used to estimate the matter traversed by cosmic rays
in the Galaxy (Garzia-Munoz et al., 1987). The data can
be successfully described using a Leaky Box model, assum-
ing the escape path length for particles with rigidity R and
velocity b = v/c as
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the hadronic component is measured in a large calorimeter
(Engler et al., 1999). The total number of particles at obser-
vation level is obtained through the measurement of parti-
cle densities and the integration of the lateral density
distribution (Antoni et al., 2001). The direction of air
showers is reconstructed through the measurement of the
arrival time of the shower particles in the individual detec-
tors. Measuring the electron-to-muon ratio in showers, the
mass of the primary can be inferred. A Heitler model of
hadronic showers (Hörandel, 2006b) yields the relation
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This illustrates the sensitivity of air shower experiments
to lnA. To measure the composition with a resolution of
one unit in lnA the shower maximum has to be measured
to an accuracy of about 37 g/cm2 (see (1)) or the Ne/Nl

ratio has to be determined with an relative error around
16% (see (2)). Due to the large intrinsic fluctuations in air
showers, with existing experiments at most groups of ele-
ments can be reconstructed with DlnA ! 0.8 & 1.

The exposure achieved by several experiments is shown
in Fig. 2. The integral cosmic-ray flux roughly depends on
energy as !E&2. Hence, the grey lines (!E&2) serve to com-
pare the exposure of detectors in di!erent energy regimes.
It can be recognized that the di!erent experiments, despite
of their huge di!erences in physical size, ranging from the
!300 cm2 CRIS space experiment to the !3600 km2

AUGER air shower experiment, have about equal e!ective
sizes when the decreasing cosmic-ray flux is taken into
account.

3. Propagation

The propagation of cosmic rays in the Galaxy can be
described quantitatively, taking into account energy loss,
nuclear interactions, radioactive decay, spallation produc-
tion, and production by radioactive decay, using the equa-
tion (Simpson, 1983)
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Ji(x) is the flux of species i after propagating through an
amount of matter x [g/cm2] subject to the reduction of
Ji(0), that represents the source term. The other parameters
are: dE/dx, the rate of ionization energy loss; rt

i, the total
inelastic cross section for species i; Ti, the mean lifetime
at rest for radioactive decay for species i; rij, the cross sec-
tion for production of species i from fragmentation of spe-
cies j; Tij, the mean lifetime at rest for decay of species j into
species i; NA, Avogadro’s Number; A, the mean atomic
weight of the interstellar gas; and c, the Lorentz factor.
The exact spatial distribution of the matter traversed be-
comes important only when considering radioactive iso-
topes, since the distance traversed in a time T is qbcT.

Abundances of stable secondary nuclei (produced dur-
ing propagation) indicate the average amount of interstel-
lar medium traversed during propagation before escape.
Because secondary radioactive cosmic-ray species will be
created and decay only during transport, their steady-state
abundances are sensitive to the confinement time if their
mean lifetimes are comparable or shorter than this time.

At low energies around 1 GeV/n the abundance of indi-
vidual elements in cosmic rays has been measured. A com-
pilation of data from various experiments is presented in
Fig. 3. The data are compared to the abundance in the
solar system. Overall, a good agreement between cosmic
rays and solar system matter can be stated. However, there
are distinguished di!erences as well, giving hints to the
acceleration and propagation processes of cosmic rays.

The elements lithium, beryllium, and boron, the ele-
ments below iron (Z = 26), and the elements below the lead
group (Z = 82) are significantly more abundant in cosmic
rays as compared to the solar system composition
(Fig. 3). This is attributed to the fact, that these elements
are produced in spallation processes of heavier elements
(fourth term in (3)) during the propagation through the
Galaxy.

Measured ratios of secondary to primary nuclei, namely
boron/carbon and (scandium + vanadium)/iron, are
shown in Fig. 4 (Yanasak et al., 2001). These ratios can
be used to estimate the matter traversed by cosmic rays
in the Galaxy (Garzia-Munoz et al., 1987). The data can
be successfully described using a Leaky Box model, assum-
ing the escape path length for particles with rigidity R and
velocity b = v/c as
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Fig. 7. All-particle cosmic-ray energy spectrum as obtained by direct measurements above the atmosphere by the ATIC [219,220], PROTON [221], and
RUNJOB [222] as well as results from air shower experiments. Shown are Tibet ASγ results obtained with SIBYLL 2.1 [223], KASCADE data (interpreted
with two hadronic interaction models) [224], preliminary KASCADE-Grande results [225], and Akeno data [226,33]. The measurements at high energy are
represented by HiRes-MIA [227,228], HiRes I and II [229], and Auger [169].

Fig. 8. All-particle energy spectra in the knee region. Results from direct measurements by Grigorov et al. [221], JACEE [230], RUNJOB [222], and SOKOL
[231] aswell as from the air shower experiments Akeno 1 km2 [226], BASJE-MAS [232], BLANCA [173], CASA-MIA [163], DICE [182], EAS-TOP [233], GAMMA
[234], GRAPES-3 [235], HEGRA [174], KASCADE electrons and muons interpreted with two hadronic interaction models [224], hadrons [236], and a neural
network analysis combining different shower components [237], KASCADE-Grande (prelinimary) [238], MSU [239], Mt. Norikura [240], Tibet ASγ [241]
and ASγ -III [223], as well as Tunka-25 [176].

3.1. Galactic cosmic rays

Many groups have published results on the all–particle energy spectrum from indirect measurements in the knee
region (≈1015 eV). The spectra obtained are compiled in Fig. 8. The ordinate has been multiplied by E2.5

0 . The individual
measurements agree within a factor of two in the flux values and a similar shape can be recognized for all experiments
with a knee at energies of about 4 PeV. Also shown are results for the all-particle flux as obtained by direct observations
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The iron group and the ultra-heavy elements
are more pronounced in cosmic rays as compared
to the solar system. Especially the r-process ele-
ments beyond xenon (Z ! 54) are enhanced, partly
due to spallation products of the platinum and
lead nuclei (Z ! 78, 82). For the latter direct
measurements at low energies around 1 GeV/nu-
cleon yield about a factor two more abundance as
compared to the solar system and a factor of four
for the actinides thorium and uranium (Z ! 90, 92)
[66]. This has been attributed to the hypothesis
that cosmic rays are accelerated out of supernova
ejecta-enriched matter [67].

The di!erences for ultra-heavy elements be-
tween cosmic rays and solar system abundances
seen in Fig. 7 are much bigger as compared to the
measurements at energies of 1 GeV/nucleon. At
low energies the flux is strongly suppressed due to
the solar modulation, while at 1 TeV/particle the
e!ects of the heliospheric magnetic fields are al-
most negligible. Together with the enhancements
discussed before, this accounts for the di!erences
seen in Fig. 7. The overall distribution from hy-

drogen to uranium is much flatter for cosmic rays.
While the solar system abundances cover a range
of 11 decades, the cosmic-ray distribution extends
over 6 decades in flux only.

4. Indirect measurements

Many groups published results on the all-par-
ticle energy spectrum from indirect measurements.
Several experiments detect the main components
of extensive air showers most commonly the elec-
tromagnetic component, but also muons and ha-
drons are investigated. The !CCerenkov photons
produced by relativistic shower particles and the
fluorescence light of nitrogen molecules in the at-
mosphere induced by air showers are also utilized.
The detectors are located at various atmospheric
depths corresponding to altitudes from 50 m up to
4370 m.a.s.l. The experiments used in this compi-
lation and their respective measuring techniques as
well as the atmospheric overburden are listed in
Table 3.

Table 3
Air shower experiments and components measured to derive the primary energy spectrum

Experiment e l h !CC F g/cm2 Energy
shift (%)

AKENO (low energy) [73] " 1 GeV 930 )4
BLANCA [74] " " 870 4
CASA-MIA [75] " 800 MeV 870 4
DICE [76] " 800 MeV " 860 1
EAS-Top [77] " 1 GeV 820 )11
HEGRA [78] " " 790 )10
KASCADE (electrons/muons) [79] " 230 MeV 1022 )7
KASCADE (hadrons/muons) [80] 230 MeV 50 GeV 1022 )1
KASCADE (neural network) [81] " 230 MeV 1022 )8
MSU [82] " 1020 )5
Mt. Norikura [83] " 735 9
Tibet [84] " 606 )10
Tunka-13 [85] " 680 0
Yakutsk (low energy) [86] " 1020 )3

AKENO (high energy) [87] " 930 )16
Fly!s Eye [88] " 860 )3
Gauhati [89] " 1025 )5
Haverah Park [90] " 1018 )10
HiRes/MIA [91] 800 MeV " 860 )5
Yakutsk (high energy) [92] " 1 GeV " 1020 )20

e: Electromagnetic, l: muonic, h: hadronic, !CC: !CCerenkov, and F: fluorescence light. The particle thresholds are given for the muonic
and hadronic components. In addition, the atmospheric overburden (g/cm2) and the shift of the energy scale are listed.

J.R. H"oorandel / Astroparticle Physics 19 (2003) 193–220 201
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Some of the experiments present di!erent re-
sults, based on di!erent hadronic interaction
models used to interpret the data. Detailed studies
of air shower properties, especially concerning the
hadronic component, have been performed by the
KASCADE group [69,70]. Comparison to simu-
lations, using the program CORSIKA [71] with
several high energy hadronic interaction models
implemented revealed, that the QGSJET model
presently is the best model to describe air shower
data. Other groups obtained similar results (see
e.g. [72,74]). Hence, if more than one interpreta-
tion of measurements is given, the energy spectrum
derived with the QGSJET model is used.

The results of the groups are presented in Fig. 8.
The overall agreement between the experiments is
quite good, the di!erential fluxes multiplied by E2:5

agree within a factor of two. All experiments ex-
hibit a similar shape of the spectrum despite their
di!erent absolute normalization. This is remark-
able since di!erent components of air showers are
investigated by various groups at di!erent atmo-

spheric depths, i.e. di!erent types of particle in-
teractions in the atmosphere are probed and the
showers are sampled at di!erent stages of their
longitudinal development.

The all-particle spectrum obtained by direct
measurements from JACEE [47], RUNJOB [51],
SOKOL [58], and Grigorov et al. [93] agrees with
the indirect measurements in the region of overlap,
i.e. from below 100 TeV–1 PeV particle energy.

The knee at about 4 PeV is clearly recognizable
in the spectrum. Assuming this bend being caused
by the cut-o! of the proton component, the ga-
lactic component extends in the poly-gonato
model up to ZU ! 4 PeV " 0:4 EeV. The energy
spectrum multiplied by E3

0 is shown in Fig. 9 for
high energies as reported by the Fly!s Eye group.
Indeed, a change in the spectral slope around
4! 108 GeV is visible, the dashed line represents a
fit taken from the Fly!s Eye publication [88]. A
similar structure has been observed by the experi-
ments AKENO and Haverah Park, the spectral
indices obtained around 400 PeV by the three ex-

Fig. 8. All-particle energy spectra obtained from direct and indirect measurements, for references see Table 3 and text. The sum spectra
for individual elements according to the poly-gonato model are represented by the dotted line for 16Z6 28 and by the solid line for
16Z6 92. Above 108 GeV the dashed line gives the normalized average spectrum.
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The weighted average of the normalized all-
particle spectra has been calculated, taking the er-

rors of the individual measurements into account,
the result is presented in Fig. 11 and Table 5. The

Fig. 10. Normalized all-particle energy spectra for individual experiments. The renormalization values for the energy scale and ref-
erences are given in Table 3. The sum spectra for individual elements according to the poly-gonato model are represented by the dotted
line for 16Z6 28 and by the solid line for 16Z6 92. Above 108 GeV the dashed line reflects the average spectrum.

Fig. 11. Average all-particle energy spectrum. The line through the data represents a fit of the sum spectrum for elements with
16Z6 92 according to the poly-gonato model with rigidity dependent cut-o! for (a) common cc and (b) common Dc. The dotted line
shows the spectrum for 16Z6 28. In addition, energy spectra for groups of elements are shown. Above 108 GeV the dashed line
reflects the average spectrum.

204 J.R. H!oorandel / Astroparticle Physics 19 (2003) 193–220

Energy scales of 
individual experiments 
can be slightly shifted 
(within their systematic 
uncertainties). This yields 
a well defined all-particle 
energy spectrum.
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dip at knee energies in the mean logarithmic mass.
The approaches by Sveshnikova (acceleration in
supernova remnants) as well as V!olk and Zirak-
ashvili (reacceleration in the galactic halo) lead
both to a twofold shape of the element spectra.
Yet, also common features can be recognized, like
the relative sharp kinks in the spectra as found by
Erlykin and Wolfendale as well as by Stanev et al.,
both models describe acceleration in supernova
remnants. The distinct shape leads in both cases to
structures in the hlnAi distribution.

The review has shown further that even similar
conceptions lead to hlnAi values covering the
whole range depicted in Fig. 4. As an example,
acceleration in supernova remnants yields hlnAi
values at the lower edge of the experimental values
(Berezhko and Ksenofontov) and also at the upper
border (Kobayakawa et al.).

Unfortunately, the experiments give no con-
clusive energy spectra for elemental groups (Figs.
1–3) and the mean logarithmic mass covers a rel-
atively wide range, see Fig. 4. Most astrophysical
informations available from air shower measure-
ments depend on the model used to describe the

interactions in the atmosphere. Hence, an inter-
pretation and evaluation of the data should be
treated with care and it is very challenging to
characterize in a quantitative way the best model
to describe the origin of the knee.

In models which introduce new type of interac-
tions in the atmosphere, like the one just discussed
by Kazanas and Nicolaidis or the approaches
by Nikolsky et al. [44] or by Petrukhin [45], the
threshold for a new type of interaction depends on
the energy per nucleon. Thus, such models ulti-
mately arrive at a mass dependent cut-o! for indi-
vidual element spectra. The investigations of the
KASCADEgroup however seem to indicate a rigid-
ity dependent cut-o! for individual elements [2–6].
Also with the phenomenological approach of the
poly-gonatomodel a rigidity dependent approach is
favored [1].

In addition, the simultaneous observations of a
knee in the electromagnetic, muonic and hadronic
component by the KASCADE group [2,46,47] yield
no major inconsistencies between the di!erent air
shower components. Therefore, a proposed new
interaction would have to ‘‘hide’’ the energy in such

Table 2
Synopsis of all models discussed

Model Author(s)

Source/Acceleration
Acceleration in SNR Berezhko and Ksenofontov [18]
Acceleration in SNR+ radio galaxies Stanev et al. [19]
Acceleration by oblique shocks Kobayakawa et al. [20]
Acceleration in variety of SNR Sveshnikova [21]
Single source model Erlykin and Wolfendale [22]
Reacceleration in the galactic wind V!olk and Zirakashvili [23]
Cannonball model Plaga [24]

Propagation/Leakage from Galaxy:
Minimum pathlength model Swordy [25]
Anomalous di!usion model Lagutin et al. [26]
Hall di!usion model Ptuskin et al. [27], Kalmykov and Pavlov [42]
Di!usion in turbulent magnetic fields Ogio and Kakimoto [28]
Di!usion and drift Roulet et al [29]

Interactions with background particles
Di!usion model + photo-disintegration Tkaczyk [30]
Interaction with neutrinos in galactic halo Dova et al. [31]
Photo-disintegration (optical and UV photons) Candia et al. [32]

New interactions in the atmosphere
Gravitons, SUSY, technicolor Kazanas and Nicolaidis [33,34]
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