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Figure 3: The combined energy spectrum of cosmic-rays as measured by the Auger Observatory, fitted with
a flux model (see text). Only statistical uncertainties are shown. The systematic uncertainty on the energy
scale is 14%. The number of events is given above the points, which are positioned at the mean value of
log10(E/eV). The upper limits correspond to the 84% C.L.

result of the best fit is shown in Fig. 3 and the corresponding parameters are presented in Table 2,
quoting both statistical and systematic uncertainties.

J0 [eV�1km�2sr�1yr�1] Eankle [EeV] Es [EeV] g1 g2 Dg

(3.30±0.15±0.20)⇥10�19 4.82±0.07±0.8 42.09±1.7±7.61 3.29±0.02±0.05 2.60±0.02±0.1 3.14±0.2±0.4

Table 2: Best-fit parameters, with statistical and systematic uncertainties, for the combined energy spectrum
measured at the Pierre Auger Observatory.

The combined spectrum shows a flattening above the ankle, Eankle = 4.8⇥1018 eV, up to the
onset of the flux suppression. This suppression is clearly established with a significance of more
than 20s (the null hypothesis that the power law above the ankle continues beyond the suppression
point can be rejected with such confidence). The spectral index in the region of the suppression is
less certain due the low number of events and large systematic uncertainties.

A spectral observable in the GZK [15, 16] region that can be used to discriminate between
different UHECR source-composition models is the energy E1/2 at which the integral spectrum
drops by a factor of two below what would be expected with no cutoff. The corresponding value
derived from the Auger data, computed as the integral of the parameterisation given by eq. (3.1)
with the parameters reported in Table 2, is E1/2 = (2.47±0.01+0.82

�0.34(sys))⇥1019 eV. This result, for
instance, differs at the level of 3.4s from the value of ⇡ 5.3⇥1019 eV predicted in [17] under the
assumption that the sources of UHECRs are uniformly distributed over the universe and that they
accelerate protons only. Note that, in reality, sources are discrete and in the GZK region the shape
of the spectrum will be dominated by the distribution of sources around us (see [18] for example).

4. Declination-dependence of the energy spectrum

Given the location of the Auger Observatory at a latitude �35.2�, events arriving with q<60�

cover a wide range of declinations from �90� to +25�, corresponding to a sky fraction of 71%,
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Figure 4: The mean (left) and standard deviation (right) of measured Xmax distributions of the two indepen-
dent datasets: HeCo (blue circles) and the standard FD (red squares).

Figure 5: The mean (left) and the standard deviation (right) of the measured Xmax distributions (combining
HeCo and standard datasets) as a function of energy compared to air-shower simulations for proton and iron
primaries.

2.4 Results and Interpretation

In Figure 4 the Xmax moments estimated using HeCo and the standard FD datasets are com-
pared. While hXmaxi differs by ⇠ 7 g cm�2 between datasets (within the uncorrelated systematics
of the two analyses), the second moments s(Xmax) are found to be in a good agreement. For the
combination of the datasets the HeCO hXmaxi is shifted by +7 g cm�2 and the resulting hXmaxi and
s(Xmax) are shown in Figure 5.

Between 1017.0 and 1018.3 eV hXmaxi increases by around 85 g cm�2 per decade of energy
(Figure 5, left). This value, being larger than the one expected for a constant mass composition
(⇠ 60 g cm�2/decade), indicates that the mean primary mass is getting lighter. Around ⇡ 1018.3 eV
the observed rate of change of hXmaxi becomes significantly smaller (⇠ 26 g cm�2/decade) indi-
cating that the composition is becoming heavier. The fluctuations of Xmax (Figure 5, right) start to
decrease at around the same energy ⇡ 1018.3 eV.

The mean value of lnA and its variance s

2(lnA), determined from Equations (1.1) and (1.2),
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1.3 The Pierre Auger Observatory Ultra High Energy Cosmic Rays

2.3 Fluorescence Detector The Pierre Auger Observatory

(a) Los Leones (b) mirror and PMT camera

(c) UV filter with the corrector ring and the PMT camera

Figure 2.9: Setup of the fluorescence detector (FD).
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Figure 1.7: Left: Scheme of one FD telescope (from [31]). Right: Picture of Los Leones FD station,
with next to it the telecommunication tour. (from [32]).

contain each six telescopes, and each telescope is equipped with a 12 m2 mirror focusing the
UV light from EAS to a 440 pixels camera (Fig. 1.7 (left)). The field of view of one telescope
is 30 �⇥30 � in elevation and azimuth and so that the six telescopes per station cover 180 � in
azimuth as depicted in Fig. 1.7 (right). A fifth station, HEAT station in Fig. 1.6, comprises
3 additional telescopes that can be tilted to higher elevation angle to study air showers at
energies down to below 1017 eV.
As the shower crosses the atmosphere, the emitted photons reach the telescope and the
triggered pixels form a track in the camera. The reconstruction of the EAS is a two steps
process. First, the sequence of triggered pixels fixes the plane containing the shower axis and
the detector (named SDP in Fig. 1.8 (left)). Next, the timing information of the pixels ti
from a direction �i is used to reconstruct the shower axis in this plane, i.e. the parameters
�0, the angle between the shower axis and the horizontal line in the SDP, Rp, the closest
distance from the shower axis to the telescope and t0, the time along the shower axis at which
Rp is reached. It is retrieved with the equation:

ti = t0 +
Rp

c
tan(

�0 � �i

2
) (1.3.1)

The reconstruction can be performed when the shower is observed only by one FD site,
called monocular event, but some degeneracy can remain in the parameters �0 and Rp. This
degeneracy is broken in case of hybrid event, i.e. if the shower has also triggered the surface
detector, or stereo event, i.e. observed in two FD sites. The geometric reconstruction is then
improved. A detailed description of the detector components and the reconstruction of FD
events are reported in [31].
After the geometric reconstruction, the observed fluorescence light as a function of time is
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because in hadronic cascade the fraction of primary en-
ergy directed into the electromagnetic component in-
creases with energy.
Similarly the slope of the exponential can be related

to the shower maximum using simulations. The relation
between the two is essentially linear ((Arqueros et al.,
2000; Fowler et al., 2001)).
The low duty cycle (Cherenkov detector can only be

operated on clear dark nights), the short core distance
up to which the inner slope parameter can be used to es-
timate Xmax and consequently the small spacing within
units made this technique inappropriate to study EAS
beyond an energy of about 1017 eV. The success of the
fluorescence detection technique contributed to the de-
cline in the interest for this technique at the highest en-
ergies.

3. Fluorescent light

The charged secondary particles in EAS produce ul-
traviolet light through nitrogen fluorescence. Nitrogen
molecules, excited by a passing shower, emit photons
isotropically into several spectral bands between 300 and
420 nm. As discussed above, a much larger fraction of
UV light is emitted as Cherenkov photons. But this emis-
sion is strongly beamed along the shower axis and usually
considered as a background to fluorescence detection.

FIG. 6 Sketch of the detection principles of a fluorescence
detector. The fluorescence light emitted by the air shower
is collected on a large mirror and focussed onto a camera
composed of photo-multipliers (Auger collaboration).

The first fluorescence detector assembled for UHECR
detection was laid down by Greisen and his team in the
mid 60’s ((Bunner, 1967; Bunner et al., 1967)). Small
mirrors and the atmospheric conditions did not allow to
record signals from EAS. Detectors were built in the late
70’s by a group of the University of Utah and tested
at the Volcano Ranch ground array ((Bergeson et al.,
1977)) while the first detection of fluorescence light from
UHECR was made by Tanahashi and his collaborators

((Hara et al., 1970)). Later on, a fully functional detec-
tor was installed at Dugway (Utah) under the name of
Fly’s Eye ((Baltrusaitis et al., 1985)). It took data from
1981 until 1993 and fully demonstrated the extraordi-
nary potential of the technique . The highest energy
shower ever detected (320 EeV) was observed by this de-
tector. An updated version of this instrument, the High-
Resolution Fly’s Eye, or HiRes ((Boyer et al., 2002)), ran
on this same site from 1997 until 2006.
The fluorescence yield is 4 photons per electron per me-

ter at ground level pressure. Under clear moonless night
conditions, using square-meter scale telescopes and sen-
sitive photodetectors, the UV emission from the highest
energy air showers can be observed at distances in excess
of 20 km from the shower axis. This represents about two
attenuation lengths in a standard desert atmosphere at
ground level. Such a large aperture, instrumented from
a single site, made this technique a very attractive al-
ternative to ground arrays despite a duty cycle of about
10%.
Fluorescence photons reach the telescopes in a direct

line from their source. Thus the collected image reflects
exactly the development of the EM cascade (see figure 6).
From the fluorescence profile it is in principle straight-
forward to obtain the position of the shower maximum
and a calorimetric estimate of the primary energy. In
practice a number of corrections must be made to ac-
count for the scattering and the absorption of the fluo-
rescence light. Also pollution from other sources such as
the Cherenkov component which can be emitted directly,
or di�used by the atmosphere into the telescope, must be
carefully evaluated and accounted for. A constant moni-
toring of the atmosphere and of its optical quality is nec-
essary together with a precise knowledge of the shower
geometry for a careful account for those corrections.

FIG. 7 Geometry of the detection of an air shower by a fluo-
rescence telescope, from (Kuempel et al., 2008).

The shower geometry as viewed from a fluorescence
telescope is depicted in Fig. 7. It is defined by the shower
detector plane (SDP), the distance of closest approach
Rp, the time t0 along the shower axis at the distance
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Figure 9: Example of a longitudinal air shower development as measured with
fluorescence telescopes. Data points are taken from [145] (E = (30 ± 2) EeV)
and compared to ten simulated [133] air showers for three di⇥erent primary
particle types using the hadronic interaction model Epos1.99 [36].

groups (see e.g. [150]) similar to what is done for surface de-
tectors. In the following, however, we will concentrate on the
first two moments of the Xmax-distribution, �Xmax⇥ and �(Xmax).

For the determination of the average shower maximum, ex-
periments bin the recorded events in energy and calculate the
mean of the measured shower maxima. For this averaging not
all events are used, but only those that fulfill certain quality
requirements that vary from experiment to experiment, but all
analyses accept only profiles for which the shower maximum
had been observed within the field of view of the experiment.
Without this condition, one would rely only on the rising or
falling edge of the profile to determine its maximum, which
was found to be to unreliable to obtain the precise location of
the shower maximum. The field of view of fluorescence tele-
scopes is typically limited to 1-30 degrees in elevation. There-
fore some slant depths can only be detected with smaller e⇤-
ciencies than others, resulting in a distortion of the measured
Xmax-distribution due to undersampling in the tails of the distri-
bution [151, 152]. For instance, a detector located at a height
corresponding to 800 g/cm2 vertical depth cannot detect shower
maxima deeper than 800, 924 and 1600 g/cm2 for showers with
zenith angles of 0, 30 and 60 degrees respectively. On top of
this acceptance bias an additional reconstruction bias may be
present that can further distort the measured �Xmax⇥-values.

There are two ways to deal with such biases: If one is only
interested in comparing the data to air shower simulations for
di⇥erent primary particles, then the biased data can be simply
compared to air shower predictions that include the experimen-
tal distortions. For this purpose the full measurement process
has to be simulated including the attenuation in the atmosphere,
detector response and reconstruction to obtain a prediction of
the observed average shower maximum, �Xmax⇥obs. Another
possibility is to restrict the data sample to shower geometries
for which the acceptance bias is small (e.g. by discarding verti-
cal showers) and to correct the remaining reconstruction e⇥ects
to obtain an unbiased measurement of �Xmax⇥ in the atmosphere.
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Figure 10: Elongation rates obtained by a linear fit in lg E to the Xmax data
of HiRes, Yakutsk, TA and Auger above di⇥erent energy thresholds. Only fit
results with ⇥2/Ndf < 2 are shown. The yellow, solid band is the average
obtained for HiRes, Yakutsk and TA , the green hatched band indicates the
average for all four experiments.

Whereas the former approach maximizes the data statistics,
the latter allows the direct comparison of published data to air
shower simulations even for models that were not developed at
the time of publication. Moreover, only measurements that are
independent of the detector-specific distortions due to accep-
tance and reconstruction can be compared directly.

The HiRes and TA collaborations follow the strategy to pub-
lish �Xmax⇥obs [130, 132] and to compare it to the detector-
folded air shower simulations. In the HiRes analysis the cuts
were optimized to assure an Xmax-bias that is constant with en-
ergy, but di⇥erent for di⇥erent primaries and hadronic inter-
action models. The preliminary TA analysis uses only mini-
mal cuts resulting in energy dependent detection biases. The
Auger collaboration quotes average shower maxima that are
without detector distortions within the quoted systematic uncer-
tainties [153] due to the use of fiducial volume cuts. Yakutsk
derives Xmax indirectly using a relation between the slope of
the Cherenkov-LDF and height of the shower maximum (cf.
Sec. 3.2). This relation is derived from air shower simula-
tions and is universal with respect to the primary particle and
hadronic interaction models [154]. We will therefore assume
in the following, that the the Yakutsk measurement is bias-free
and that it can be compared to air shower simulations directly.

To allow a comparison of the results of these experiments and
moreover to calculate �ln A⇥ using the Eposmodel (cf. Sec. 3.4)
which was not used in some of the original publications, we
correct the �Xmax⇥obs-values of HiRes and TA by shifting them
by an amount � which we infer from the di⇥erence of the pub-
lished �Xmax⇥obs-values for proton, QGSJetII to the simulated
values that are obtained without detector distortions:

�Xmax⇥corr = �Xmax⇥obs + � (27)
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Figure 1.5: Left: sketch of a Fluorescence detector (from [8]). Right: Auger FD event together with
simulation for di�erent primaries (from [22]).

found in [28]. As the number of electrons in an air shower can reach several billions, the total
number of photons emitted during a path length of several hundreds of meters is of the order
of 1012. If the air shower is distant of 20 km, the expected photons flux is only � 200 per
square meter. Hence a large collection area is needed to detect distant showers and reach a
su⇥cient exposure.
The idea of using fluorescence light was first raised in 1962 by Suga [29]. After an unsuccessful
try in the mid 60s by Greisen and his group, the first detection of the fluorescence light from
EAS was reported in 1970 by Tanahashi and collaborators [30] and the first fully functional
detector, named Fly’s Eyes, installed at Dugway (Utah) began to take data in 1981. Currently,
the Pierre Auger Observatory and Telescope Array use this technique in complement to their
particle detector array, allowing a cross calibration of the surface detector. A sketch of a
fluorescence telescope is shown in Fig. 1.5 (left): the emitted light from the air shower is
focussed by large area mirrors onto a camera made of photo-multipliers.
The isotropic distribution of the emission makes this technique suitable to observe the shower
development along the atmosphere. Since the fluorescence light is directly proportional to
the energy deposit of the shower in the atmosphere, the energy deposit as a function of the
atmospheric depth can be directly measured. An example of such profile is shown in Fig. 1.5
(right), together with simulations for di�erent primaries. The longitudinal profile provides
then an estimation of the primary energy and the depth of maximum development. A precise
estimation of these quantities is submitted to correction due to di�usion and absorption of
light and pollution by other contributions such as Cherenkov light. The low duty cycle of
about 10% is imposed by the condition of operation with clear moonless night and this is the
main limitation of this technique at ultra high energy when the flux of CR is very low.
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because in hadronic cascade the fraction of primary en-
ergy directed into the electromagnetic component in-
creases with energy.
Similarly the slope of the exponential can be related

to the shower maximum using simulations. The relation
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2000; Fowler et al., 2001)).
The low duty cycle (Cherenkov detector can only be

operated on clear dark nights), the short core distance
up to which the inner slope parameter can be used to es-
timate Xmax and consequently the small spacing within
units made this technique inappropriate to study EAS
beyond an energy of about 1017 eV. The success of the
fluorescence detection technique contributed to the de-
cline in the interest for this technique at the highest en-
ergies.
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The charged secondary particles in EAS produce ul-
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molecules, excited by a passing shower, emit photons
isotropically into several spectral bands between 300 and
420 nm. As discussed above, a much larger fraction of
UV light is emitted as Cherenkov photons. But this emis-
sion is strongly beamed along the shower axis and usually
considered as a background to fluorescence detection.

FIG. 6 Sketch of the detection principles of a fluorescence
detector. The fluorescence light emitted by the air shower
is collected on a large mirror and focussed onto a camera
composed of photo-multipliers (Auger collaboration).

The first fluorescence detector assembled for UHECR
detection was laid down by Greisen and his team in the
mid 60’s ((Bunner, 1967; Bunner et al., 1967)). Small
mirrors and the atmospheric conditions did not allow to
record signals from EAS. Detectors were built in the late
70’s by a group of the University of Utah and tested
at the Volcano Ranch ground array ((Bergeson et al.,
1977)) while the first detection of fluorescence light from
UHECR was made by Tanahashi and his collaborators

((Hara et al., 1970)). Later on, a fully functional detec-
tor was installed at Dugway (Utah) under the name of
Fly’s Eye ((Baltrusaitis et al., 1985)). It took data from
1981 until 1993 and fully demonstrated the extraordi-
nary potential of the technique . The highest energy
shower ever detected (320 EeV) was observed by this de-
tector. An updated version of this instrument, the High-
Resolution Fly’s Eye, or HiRes ((Boyer et al., 2002)), ran
on this same site from 1997 until 2006.
The fluorescence yield is 4 photons per electron per me-

ter at ground level pressure. Under clear moonless night
conditions, using square-meter scale telescopes and sen-
sitive photodetectors, the UV emission from the highest
energy air showers can be observed at distances in excess
of 20 km from the shower axis. This represents about two
attenuation lengths in a standard desert atmosphere at
ground level. Such a large aperture, instrumented from
a single site, made this technique a very attractive al-
ternative to ground arrays despite a duty cycle of about
10%.
Fluorescence photons reach the telescopes in a direct

line from their source. Thus the collected image reflects
exactly the development of the EM cascade (see figure 6).
From the fluorescence profile it is in principle straight-
forward to obtain the position of the shower maximum
and a calorimetric estimate of the primary energy. In
practice a number of corrections must be made to ac-
count for the scattering and the absorption of the fluo-
rescence light. Also pollution from other sources such as
the Cherenkov component which can be emitted directly,
or di�used by the atmosphere into the telescope, must be
carefully evaluated and accounted for. A constant moni-
toring of the atmosphere and of its optical quality is nec-
essary together with a precise knowledge of the shower
geometry for a careful account for those corrections.

FIG. 7 Geometry of the detection of an air shower by a fluo-
rescence telescope, from (Kuempel et al., 2008).

The shower geometry as viewed from a fluorescence
telescope is depicted in Fig. 7. It is defined by the shower
detector plane (SDP), the distance of closest approach
Rp, the time t0 along the shower axis at the distance
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Figure 9: Example of a longitudinal air shower development as measured with
fluorescence telescopes. Data points are taken from [145] (E = (30 ± 2) EeV)
and compared to ten simulated [133] air showers for three di⇥erent primary
particle types using the hadronic interaction model Epos1.99 [36].

groups (see e.g. [150]) similar to what is done for surface de-
tectors. In the following, however, we will concentrate on the
first two moments of the Xmax-distribution, �Xmax⇥ and �(Xmax).

For the determination of the average shower maximum, ex-
periments bin the recorded events in energy and calculate the
mean of the measured shower maxima. For this averaging not
all events are used, but only those that fulfill certain quality
requirements that vary from experiment to experiment, but all
analyses accept only profiles for which the shower maximum
had been observed within the field of view of the experiment.
Without this condition, one would rely only on the rising or
falling edge of the profile to determine its maximum, which
was found to be to unreliable to obtain the precise location of
the shower maximum. The field of view of fluorescence tele-
scopes is typically limited to 1-30 degrees in elevation. There-
fore some slant depths can only be detected with smaller e⇤-
ciencies than others, resulting in a distortion of the measured
Xmax-distribution due to undersampling in the tails of the distri-
bution [151, 152]. For instance, a detector located at a height
corresponding to 800 g/cm2 vertical depth cannot detect shower
maxima deeper than 800, 924 and 1600 g/cm2 for showers with
zenith angles of 0, 30 and 60 degrees respectively. On top of
this acceptance bias an additional reconstruction bias may be
present that can further distort the measured �Xmax⇥-values.

There are two ways to deal with such biases: If one is only
interested in comparing the data to air shower simulations for
di⇥erent primary particles, then the biased data can be simply
compared to air shower predictions that include the experimen-
tal distortions. For this purpose the full measurement process
has to be simulated including the attenuation in the atmosphere,
detector response and reconstruction to obtain a prediction of
the observed average shower maximum, �Xmax⇥obs. Another
possibility is to restrict the data sample to shower geometries
for which the acceptance bias is small (e.g. by discarding verti-
cal showers) and to correct the remaining reconstruction e⇥ects
to obtain an unbiased measurement of �Xmax⇥ in the atmosphere.
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the latter allows the direct comparison of published data to air
shower simulations even for models that were not developed at
the time of publication. Moreover, only measurements that are
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tance and reconstruction can be compared directly.
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action models. The preliminary TA analysis uses only mini-
mal cuts resulting in energy dependent detection biases. The
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tainties [153] due to the use of fiducial volume cuts. Yakutsk
derives Xmax indirectly using a relation between the slope of
the Cherenkov-LDF and height of the shower maximum (cf.
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tions and is universal with respect to the primary particle and
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in the following, that the the Yakutsk measurement is bias-free
and that it can be compared to air shower simulations directly.

To allow a comparison of the results of these experiments and
moreover to calculate �ln A⇥ using the Eposmodel (cf. Sec. 3.4)
which was not used in some of the original publications, we
correct the �Xmax⇥obs-values of HiRes and TA by shifting them
by an amount � which we infer from the di⇥erence of the pub-
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values that are obtained without detector distortions:
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Figure 1.5: Left: sketch of a Fluorescence detector (from [8]). Right: Auger FD event together with
simulation for di�erent primaries (from [22]).

found in [28]. As the number of electrons in an air shower can reach several billions, the total
number of photons emitted during a path length of several hundreds of meters is of the order
of 1012. If the air shower is distant of 20 km, the expected photons flux is only � 200 per
square meter. Hence a large collection area is needed to detect distant showers and reach a
su⇥cient exposure.
The idea of using fluorescence light was first raised in 1962 by Suga [29]. After an unsuccessful
try in the mid 60s by Greisen and his group, the first detection of the fluorescence light from
EAS was reported in 1970 by Tanahashi and collaborators [30] and the first fully functional
detector, named Fly’s Eyes, installed at Dugway (Utah) began to take data in 1981. Currently,
the Pierre Auger Observatory and Telescope Array use this technique in complement to their
particle detector array, allowing a cross calibration of the surface detector. A sketch of a
fluorescence telescope is shown in Fig. 1.5 (left): the emitted light from the air shower is
focussed by large area mirrors onto a camera made of photo-multipliers.
The isotropic distribution of the emission makes this technique suitable to observe the shower
development along the atmosphere. Since the fluorescence light is directly proportional to
the energy deposit of the shower in the atmosphere, the energy deposit as a function of the
atmospheric depth can be directly measured. An example of such profile is shown in Fig. 1.5
(right), together with simulations for di�erent primaries. The longitudinal profile provides
then an estimation of the primary energy and the depth of maximum development. A precise
estimation of these quantities is submitted to correction due to di�usion and absorption of
light and pollution by other contributions such as Cherenkov light. The low duty cycle of
about 10% is imposed by the condition of operation with clear moonless night and this is the
main limitation of this technique at ultra high energy when the flux of CR is very low.

14

Surface 
Detector

Fluorescence
Detector

Ultra High Energy Cosmic Rays 1.3 The Pierre Auger Observatory

Figure 1.10: Left: Footprint of a SD event. The color code represent the arrival time (early tanks
are yellow, late ones are red). Right: Lateral distribution of the signal at ground fitted with a LDF
function. The red square is the signal at 1000m, the energy estimator.
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Figure 1.11: Example of a trace acquired with Auger SD unit. The three plain lines correspond to the
three PMTs.

inclined showers are in a more advanced stage of development than vertical ones when reaching
the ground and their signal is thus attenuated. When estimating the energy, this e↵ect is
accounted for using an empirical method, the Constant Intensity Cut (CIC). The basis of this
method is to consider the flux isotropic, i.e. in local coordinate independent of the zenith
angle when integrated over a large time period. The attenuation function, CIC(✓) is computed
with data to normalize the flux in such a way. To estimate the absolute energy the signal at
1000 m, S(1000) is first converted into the signal from a shower with a reference zenith angle
of 38 �, S38, according the CIC method:

S38 =
S(1000)

CIC(✓)
(1.3.3)

Then S38 is converted into the shower energy using the following transformation:

E = aSb
38 (1.3.4)
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Radio emission mechanism: VHF band (30-80MHz)
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•  Coherent emission at MHz frequencies

•  Two relevant emission mechanisms

Radio emission from air showers

Geomagnetic effect Askaryan effect

•  Induction of time-
 varying current [1]

•  Linear polarization

•  Dominant process 

•  Time-varying net
 charge of shower [2]

•  Radial polarization

•  Relative strength at
 AERA: 14 % [3,4,5]

AERA: the Auger Engineering Radio Array
GOALS
•  Test large scale application of radio technique

•  Understand details of radio emission

•  Development and test of new technologies
 

 Key-input for future cosmic-ray observatories

TECHNICAL DATA
•  124 antenna stations on 6 km²

•  External trigger and self-trigger

•  Frequency range: 30 - 80 MHz

 World-largest radio array for air showers

Location: Auger enhancement area

•  More than 350 hybrid events
 with surface detector
 (externally triggered + self-triggered
  events with first 24 antennas)

•  Several multi-hybrid events
 with fluorescense detector or
 AMIGA muon counters [7]

•  Energy threshold:
 approximately 1017 eV

Measurements
•  Autonomous power supply, local DAQ and wireless communication

AERA antenna stations

Since 2010: 24 stations with logarithmic
periodic dipole antennas (LPDAs)

Since 2013: 100 stations with butterfly
antennas (for better signal / background [11])

•  Evidence for radial polarization component (as predicted by Askaryan) [3,12]

•  Sensitivity of radio amplitude to primary energy confirmed [13]

•  Slope of frequency spectrum measured in individual stations [14]

Results

•  Event shown above compared to different simulation codes

•  Emission modeled by codes:
 - geomagnetic effect
 - Askaryan effect, and
 - refractive index of the air

•  Uncertainty bands:
 - shower-to-shower fluctuations
 - reconstruction uncertainties
   of surface detector

Comparison to simulations

•  World largest statistics of radio-hybrid events expected with AERA124

•  Test radio precision for direction, energy, X
max

, and mass composition

•  Exploit multi-hybrid events, e.g., test paradigm of shower universality

Outlook
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E = 4.3 EeV, � = 58°

Comparison reflects improved
understanding of radio emission
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•  Two relevant emission mechanisms

Radio emission from air showers

Geomagnetic effect Askaryan effect
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•  Dominant process 

•  Time-varying net
 charge of shower [2]
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•  Test large scale application of radio technique

•  Understand details of radio emission

•  Development and test of new technologies
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• Observed in VHF band (30-80MHz) 
(AERA, Codalema … ) 

• Short pulse (~20 ns) 
• beamed emission (steep decrease 

with distance to shower axis) 
• dense array (100s of meter 

spacing) 

Geosynchrotron  
Acceleration of charge 

in earth magnetic

Experimental 
characteristics

Askaryan effect 
charge excess  

—>coherent radiation

—> currently limited to E ~ 1018eV



Radio emission mechanism: Microwave

5

• in microwave (1-6GHz)
• isotropic  

(large distance observation)
• unpolarised
• several efforts in lab (AMY, 

MAYBE) and in situ  
(CROME, MIDAS)

Experimental 
characteristics

—> currently not confirmed

Molecular Bremsstrahlung 
ionization electron in 

molecules field

Gorham et al PRD 2008 78 032007
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PMT (each local station acquires ordinarly the last dynode and the anode of three PMTs, the
anode being used only in case of saturation of the dynode). As a consequence, no separated 96
trigger for the radio signal is needed, the EASIER data are simply part of the regular SD
data stream. As an additional benefit, the radio detector is powered by the station battery 98
and is also integrated into the SD station’s monitoring system.

Figure 2 block diagram of an EASIER detector unit

EASIER61 100

A first array of seven detectors was installed at the Pierre Auger Observatory in April 2011.
The good operation and results of the first test bed led to an extension of 54 more detectors 102
covering an instrumented surface of 91 km2. The antenna used for this setup is a commercial
cylindrical horn antenna with a maximum gain of around 9dB, it points to the zenith and has 104
a half power beam width (HPBW) of 90 degree. The sensor composed of the antenna and the
amplification system are installed on top of the SD station (cf fig. 3 left) and the electronics 106
box is located below the hatch box on top of the SD electronics. The EASIER61 array is
located in the south west part of the Pierre Auger Observatory, its footprint is shown in fig. 3 108
(right). On the total of 61 antennas, 33 have a North-South polarization, and 28 East-West.
Several radio events in coincidence with an extensive air shower were measured with EAS- 110
IER61 but no conclusions could be drawn on the physical mechanism at the origin of the
signal.
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Detector developments and sensitivity in microwave band 4.1 Detector developments
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Figure 4.15: EASIER GHz arrays. Left : EASIER GHz arrays into the Auger array, in blue the
first setup installed in 2011, in green the extension completed in 2012. The field of view of the
other microwave detection prototypes (MIDAS and AMBER) are also displayed Right : polarization
distribution of the complete array

Mechanics The mechanical integration was simplified, it consists now of a pipe that is
fixed to the support of the SD communication antenna (see picture in Fig 4.14 (right)), and
the EASIER antenna is held by a bracelet . This simplification allowed us to install the 54
detectors in 5 days with two teams of two persons.

After the installation of a few detectors, we realized that the radio baseline was dependent
on the voltage supplied by the SD batteries. The EASIER design did not include a voltage
regulator on the power supply board. The SD battery voltage, which is the source of power
for EASIER, has daily variations as well as seasonal ones because of the modulation of the
power delivered by the solar panels. It can vary from � 23 V to 30 V. When the voltage at the
input of the power supply board varies from the nominal value of 24 V, the -8 V output varies
and since the o�set added to the radio baseline is directly related to this voltage (cf Fig. 4.5)
the radio baseline was strongly dependent on the changes of battery voltage. The resulting
variation on the radio baseline can lead to saturation of the FADC and to a reduction of the
dynamic range available for the microwave signal.
We had to find a fast solution and with material available in Argentina. To circumvent this
problem, we added a 24 V regulator in each box. This device insures an output voltage of
24 V if the input voltage is larger than Vth = 24 + Vdrop out. The chosen model is LM7824
with a drop out voltage of approximately 1.5 V. This was the model with the smallest Vdrop out

available near Malargüe. An example of the measured regulated voltage is shown Fig. 4.16
(left) and the radio baseline as a function of the input voltage in the same figure (right). The
regulated voltage is slightly di�erent from 24 V and is stable above 26V while still depending
on the battery voltage below. This variation will be corrected for in the calibration procedure.

79

Figure 3 Left: EASIER detector installed on a Pierre Auger surface detector. Right: Footprint
of EASIER array phase 1 (blue dots) and phase 2 (green dots).

112

5

Embedded in Auger SD

• distance compatible with HE

• trigger from the tank

• simple adjustable  
  - VHF: 30-80MHz 
  - C band: 3.4 - 4.2 GHz 
  - L band: 1 - 1.5 GHz 



EASIER Phase 1: Installation
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Figure 4.15: EASIER GHz arrays. Left : EASIER GHz arrays into the Auger array, in blue the
first setup installed in 2011, in green the extension completed in 2012. The field of view of the
other microwave detection prototypes (MIDAS and AMBER) are also displayed Right : polarization
distribution of the complete array

Mechanics The mechanical integration was simplified, it consists now of a pipe that is
fixed to the support of the SD communication antenna (see picture in Fig 4.14 (right)), and
the EASIER antenna is held by a bracelet . This simplification allowed us to install the 54
detectors in 5 days with two teams of two persons.

After the installation of a few detectors, we realized that the radio baseline was dependent
on the voltage supplied by the SD batteries. The EASIER design did not include a voltage
regulator on the power supply board. The SD battery voltage, which is the source of power
for EASIER, has daily variations as well as seasonal ones because of the modulation of the
power delivered by the solar panels. It can vary from � 23V to 30V. When the voltage at the
input of the power supply board varies from the nominal value of 24V, the -8V output varies
and since the o�set added to the radio baseline is directly related to this voltage (cf Fig. 4.5)
the radio baseline was strongly dependent on the changes of battery voltage. The resulting
variation on the radio baseline can lead to saturation of the FADC and to a reduction of the
dynamic range available for the microwave signal.
We had to find a fast solution and with material available in Argentina. To circumvent this
problem, we added a 24V regulator in each box. This device insures an output voltage of
24V if the input voltage is larger than Vth = 24 + Vdrop out. The chosen model is LM7824
with a drop out voltage of approximately 1.5V. This was the model with the smallest Vdrop out

available near Malargüe. An example of the measured regulated voltage is shown Fig. 4.16
(left) and the radio baseline as a function of the input voltage in the same figure (right). The
regulated voltage is slightly di�erent from 24V and is stable above 26V while still depending
on the battery voltage below. This variation will be corrected for in the calibration procedure.

79

• 2011 - 2012: Installation of 7 + 54 detectors

• Proved the concept is not invasive and working !
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• First signal ever recorded from EAS in C-band
• Excluded noise from the SD tank 
• Several other events were detected but with a short distance to axis 

(100s of meters)
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Data analysis in microwave band 5.2 Event search
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Figure 5.2: Left: Maximum radio signal in the trace as a function of the di↵erence of time bins between
the particle signal start time and the time of the maximum radio signal. Right: Distribution of the
trace maximum of all events selected. Three events lay well above the bulk of events.

Auger Id 12046376 20830870 21050180

station 342 429 306
date 2011/06/30 2013/01/03 2013/02/07

energy [eV] (1.32 ± 0.12)⇥1019 (1.71 ± 0.1)⇥1019 (2.56 ± 0.41)⇥1018

zenith [�] 29.7 ± 0.3 55.2 ± 0.1 47.4 ± 0.5
azimuth[�] 343.4 ± 0.8 33.8 ± 0.1 289.4± 0.6

Distance to axis [m] 136 ± 40 268 ± 11 193 ± 15
�t to trigger 1 2 2

radio maximum [sigma] 11.86 11.23 11.05
polarization E-W E-W E-W

time length [time bins] 2-3 1 1-2

Table 5.1: Characteristics of the three radio events with the maximum well above the noise.

107

5.4 Comparison data/simulation and interpretation Data analysis in microwave band
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Figure 5.24: Limit set on the parameters F
ref

and ↵. The blue dashed line represents the flux measured
in [73]. The red line represents the upper limits set with MIDAS detector [105]. The right axis shows
I
ref

= F
ref

⇥ 4.62.

The reference flux observed in the beam experiment is also depicted with the dashed blue
line. This reference flux is excluded for ↵ � 1.2. The limits found with MIDAS detector are
represented with the red line. The limits found with EASIER are comparable for ↵ close to
1 and exclude a wider range of flux at ↵ � 1.3.

Discussion on the limits on MBR

The limits presented above constrain the parameters the MBR emission Fref and ↵. The
simulations presented include the microwave signal simulation, its propagation and the main
detector e↵ects. The results quoted here are found under the assumptions exposed in
section 5.3. The number of events may be overestimated mainly because of the following
reasons:

� the time compression may be overestimated because the lateral extension of the shower
front is not accounted for.

� there remains some uncertainties on the system temperature measurements, they may
be larger than the one assumed in the simulations.

The limits found are in agreement with the results of other experiments aiming at the MBR
detection from EAS (like AMBER, MIDAS, CROME) or in laboratory (AMY and MAYBE).
AMBER is a telescope like experiment instrumented with feed horns antenna in C-band

126

425 51.1514
427 47.0205
429 48.4187
431 50.7445
432 49.9339
433 49.322
434 49.8837
438 48.9898
441 48.5115
1802 49.7138

F (t) = Fref · � ·
⇢

⇢0
·
�

d

R(t)

⇥2

·
�
N(t)

Nref

⇥↵

(5)

Conclusion

The simulations done here reproduce the response of two di�erent power detector, with and
without capacitor, with an uncertainty of 15 adc counts and 30 adc counts respectively. These
numbers are found comparing the real and simulated noise traces and traces with short pulses.
Also, thanks to these simulations, we can compute the integration time from the RMS of the
real traces for the each installed detector of EASIER61.

9

Fref : proportionality factor

↵ : energy exponent
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Introduction
Ionization electrons along the shower track

µ�wave emission from MBR
Simulation results

Conclusion & Outlook

Motivation

Depict analytically the MBR
mechanism

• Evaluation of the number
of primary charged
particles in an EAS

• Production of ionization
electrons and their time
evolution

• MBR emission using the
free-free approach

Imen Al Samarai ARENA 2014 - Annapolis

Recipe: 
• # of charge particles along 

development 
• # of ionisation electrons produced 

and their evolution (attachement 
process) 

• Bremsstrahlung with free-free 
approach 

• Absorption effect

Al Samarai  ARENA 2014

x1

2008 [0] 2014 [1] 2015 [2] 2016 [3]

1/25 1/70 1/200decrease factor  
from original prediction

year
[0]: Gorham et al 2008 PRD 2008 78 032007

[1] Al Samarai Arena conf. 2014
[2] Al Samarai et al 2015
[3] Al Samarai et al 2016
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Detector developments and sensitivity in microwave band 4.3 Detector Sensitivity

The factor one half is needed because the black body intensity contains all the polarizations
whereas the antenna selects just one. Using the relation between the e⇤ective area and the
gain (Ae� = Gc2

4⇤⇥2 ) and the property of the gain for a loss less antenna:
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where g(�,⇧) is the gain relative to the maximum gain of the antenna, we can express the
antenna temperature:
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with �⇥ =
� ⇤
�=0

� 2⇤
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The total power received by the antenna is then:

Pant = kBTant�⇥ (4.3.8)

Because the brightness temperature of the ground is large, back-lobes have to be well
controlled to keep the antenna temperature as low as possible.

Electronics temperature Another contribution of noise arises from the amplification
electronics. If the spectral power of noise added by the electronics is Na, the gain of the
device G and the bandwidth �⇥, one can define the electronics noise temperature as :

Te =
Na

kBG�⇥
(4.3.9)

As noted in the chapter 2, if the gain of the first stage of amplification is large enough, the
temperature of the following stages can be neglected.

Minimal flux detectable To estimate finally the minimum flux detectable by our system
we compute the flux Fsignal required to equate the noise fluctuations:

Psignal = Fsignal ·Ae�(�,⇧) ·GLNB ·�⇥ =
< Pnoise >⇥

⌅ ·�⇥
=

kB · Tsys ·GLNB ·�⇥⇥
⌅ ·�⇥

(4.3.10)

then

Fsignal =
kB · Tsys

Ae�(�,⇧) ·
⇥
⌅ ·�⇥

(4.3.11)

with

Tsys = Tant + Te (4.3.12)

The two main parameters we need to estimate are the e⇤ective area and the system
temperature. We present now a set of measurements performed on this purpose.
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kB : Boltzmann constant

Tsys : system temperature (Tant +Telec)

Ae↵ : e↵ective area

⌧ : time constant

(either detector response or signal length)

�⌫ : bandwidth

noise

integration
signal

4.3 Detector Sensitivity Detector developments and sensitivity in microwave band

-150 -100 -50 0 50 100 150

R
el

at
iv

e 
G

ai
n 

[d
B

]

-40

-35

-30

-25

-20

-15

-10

-5

0 - 3dB

angle [degree]
-150 -100 -50 0 50 100 150

D
iff

er
en

ce
 o

f g
ai

n 
[d

B
]

-25

-20

-15

-10

-5

0
f = 3400MHz
f = 3500MHz
f = 3600MHz
f = 3700MHz
f = 3800MHz
f = 3900MHz
f = 4000MHz
f = 4100MHz
f = 4200MHz

Figure 4.21: Measured relative gain. Upper panel: Pattern of the antenna ESX241 with an attached
scalar ring and a radome. Lower panel: Di↵erence of gain of the pattern shown in upper panel with
the one of an antenna without scalar ring or radome.

Sensitivity measurements

Power pattern and e↵ective area

The power pattern provides the relative gain, g, of the antenna as a function of the angle. If
the antenna is sensitive to very large zenith angle ✓, thus detecting the thermal noise from the
ground, the antenna temperature is increased significantly. Also the e↵ective area Ae↵(✓,�)
is directly linked to the power pattern through Eq. 2.3.2. The normalized gain of the antenna
ESX241 was measured in an anechoic chamber at the IMEP (Institut de Microelectronique
Electromagnetisme et Photonique) at Grenoble. The pattern was measured for the antenna
with the scalar ring and the radome (shown in Fig. 4.21 in the upper panel) and without
scalar ring or radome. The di↵erence of these two measurement is shown in the lower panel
of Fig. 4.21. The opening angle is widened and the backlobes reduced by up to 25 dB.
The maximum gain of the antenna can be calculated using relation 4.3.6. We find for
frequencies from 3.4 to 4.2 GHz a mean gain of Gmax = 8.75 dB. From the maximum gain
the angular e↵ective area is calculated as follows:

Aeff (✓,�) =
�2 · Gmax · g(✓,�)

4⇡
(4.3.13)

The e↵ective area are represented in linear scale in Fig. 4.22.
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GIGADuck

A recent calculation of the MBR signal pointed out that the expected signal should be lower 114
by at least two orders of magnitude than the first estimation presented in [7]. This considera-
tion led to the design and the installation in March 2015 of GIGADuck, an optimized array of 116
seven detectors with a higher gain antenna and a di�erent geometry. The 15dB gain antenna
increases the antenna e�ective area by a factor six with respect to EASIER61. Furthermore, 118
the array is now composed of a central detector pointing to the zenith and the other surround-
ing six detectors points towards the central one with a zenith angle of 20¶ as represented on 120
the scheme of the figure 4. This configuration increases the overlap of the detectors’ field of
view and enhance the possible coincident detection in order to disentangle between a beamed 122
and an isotropic emission. The optimized tilt angle was found as a compromise between the
coincidence probability and the antenna temperature increase (the brightness temperature of 124
the sky increases with the zenith angle). To assess the performance of such a configuration,
the expected maximum power detected from a vertical 10 EeV shower as a function of the 126
distance for an EASIER-like hexagon (all antennas are vertical) and a GIGADuck-like one
(all inclined except the central antenna) is shown on the figure 4 right. While the expected 128
amplitudes are similar at short distances, the e�ect of inclining the antennas is most visible
at larger distances of the shower core. 130
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Figure 4 Left: Top view of GIGADuck array and side view of one of the detector. Right:
Maximum power received from a vertical 10 EeV shower as a function of its core distance
from an antenna in an EASIER-like configuration and a GIGADuck configuration.

From the first installed array in 2011 to the latest in 2015 several improvements were
brought to the EASIER detectors. The table 1 summarizes the main characteristics and 132
operation times for the two described arrays.
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Improved design: lower the threshold of sensitivity
• higher gain: increase Aeff 

two versions: C-band (3.4-4.2 GHz) & L-band (1-1.5GHz)  
• geometry change (FOV overlap) 

improve SNR + increase coincidence probability
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o réglée!à!32.2V!!et!on!ne!touche!pas!au!réglage,!on!va!comparer!le!niveau!à!

celui!qu’on!va!mesurer!avec!tests!dans!la!pampa!

!

2. Comparaison!des!préréglages!sur!2!boites!Helix!!!

• 3!Boite!02!:!A!vide,!sans!antenne,!!Réglage!à!30.5!V!

!

!

Sur)le)terrain,)à)Chape)(dimanche)01/03))
• Test!Cornet3C!

o Branchement!de!la!boite!N°!6!3!Cornet!orienté!vers!le!ciel!(tenu!par!Mari)!:!le!

niveau!mesuré!est!à!30.1!V!

o Branchement!de!la!boite!N°!10!!

le!niveau!mesuré!est!à!31!V!:!on!en!déduit!qu’entre!la!pampa!et!l’assembly!

building,!la!différence!est!entre!1!3!1.2!V!

!

• Test!Helix!

o Installation!de!l’antenne!sur!son!bras!(pour!un!test!uniquement,!Chape!sera!

équipée!avec!Cornet)!

!

!

o Branchement!de!la!boite!N°!2!

le!niveau!mesuré!est!à!30.55!V!!(à!comparer!avec!niveau!mesuré!à!vide)!

• Test!réception!signaux!GHz!

o Test!de!reception!de!signal!GHz!:!utilisation!d’un!«!magic3clic!»!:!impulsions!

visibles!sur!picoscope!

! !

!
Tank%
Name! Antenna) EKit)

Vieira) ! !
Luis) ! !

Orteguina) ! !
Popey) ! !
Chape) ! !
Domo) ! !
Juan) ! !

!
!
! !

• 7 Installed in March 
2015 

• one failure due to 
broken radome 

C-band (3.4 - 4.2 GHz) L-band (1 - 1.5 GHz)

• First 7 Installed in March 2015 
• Amplifiers failed (due to 

thunderstorm ?) 
• New installation in Dec 2016



GIGADuck C: noise temperature
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Tsys = 40 - 80K  
(exp. ~ 40 K)



GIGADuck L: noise temperature
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North

Tsys = 60 - 120K (exp. ~100K)



GIGADuck: Performances
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preliminary Improved performance:
~ 5 in C-band

~ 30 in L-band

N.B. :could be improved by 
data processing



Conclusions
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Concept:
• EASIER is an efficient and simple way to probe radio emission 
• Implemented is several bandwidths with success 
Results 
• Events observed at short distances 
• But limits put due to the lack of large distance detection 
Near future 
• GIGADuck installed: improved setup in two bandwidths 
• should yield better limits by a factor 30 


