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Abstract: We present a measurement of the cosmic ray energy spectrum above 3× 1017 eV based on data
obtained with the 750m surface detector array of the Pierre Auger Observatory. We address the steps required to
measure the energy spectrum, from the reconstruction of events, through the precise determination of the exposure
of the array, up to the determination of the cosmic ray energy. The derived energy spectrum is discussed, and it is
compared to those measured by other instruments in the overlapping energy regions.
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1 Introduction
The Pierre Auger Observatory [1], in Argentina, combines
a 3000km2 surface detector array (SD) of more than 1600
water-Cherenkov detectors, spaced at 1500m from each
other, with 27 fluorescence telescopes to measure extensive
air showers initiated by ultra-high energy cosmic rays.
This hybrid observatory has already been used to measure
the energy spectrum of cosmic rays with energies above
1018 eV, that is, from just below the ankle of the spectrum
(at about 4×1018 eV) up to the highest energies [2].

The energy region below the ankle is also of extreme
interest. The study of the evolution of the energy spectrum
from below the anticipated second knee up to the ankle,
together with that of the primary mass composition and of
the large-scale distribution of arrival directions are crucial
to explaining the possibility of a transition from a galactic
cosmic ray origin to an extragalactic one. This is expected
to take place either at the ankle [3] or at the so called second
knee [4]. With the aim of extending the energy of observa-
tions down to 1017 eV, the Auger collaboration has started
to deploy new instruments. The extensions include a sur-
face array of 750m spacing with muon detection capabili-
ties (the AMIGA project) [5, 6], and three fluorescence tele-
scopes (the HEAT project) [7]. The 750m surface detector
array and the HEAT telescopes are now fully operational.

We present in this paper the measurement of the energy
spectrum with the 750m array. In section 2 we describe
the 750m surface array. In section 3 the reconstruction of
the observed events is explained. We continue in section 4
with the description of the energy calibration of the detector
followed by the presentation of the obtained spectrum in
section 5. Finally, we outline the conclusions of this work
in section 6.

2 The 750 m surface detector array
The 750m SD array includes 71 water-Cherenkov detectors
and covers an area of 27km2. Thirty five of them started
taking data in August 2008. Additional detectors were
added afterwards until the final setup was completed in
September 2012. A layout of the array is shown in figure 1.
The 750m array is nested within the 1500m array and is
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Figure 1: Layout of the 750m nested surface detector array.
Detectors of the 1500m array are shown as filled triangles.
Note that some detectors belong to both arrays. An unitary
hexagon of the 750m array is displayed. The lines show the
azimuthal acceptance of the three telescopes at Coihueco
overlooking the 750m array.

overlooked by three telescopes located at the Coihueco
fluorescence detector (FD) site and by another three at the
HEAT site.

For the 750m array we adopt the trigger system, the
method and the algorithms to select events and detectors,
the calculation of the exposure, the algorithms to recon-
struct events and the energy calibration procedure from the
1500m array. The efficiency of the 750m array is estimated
by means of air-shower simulations performed with COR-
SIKA [8], using QGSJet-II [9, 10] and FLUKA [11] as
hadronic interaction generators. The response of the 750m
array is simulated with the same tools used for the 1500m
array [12]. Simulation results are further validated with data.
In figure 2 the simulated efficiencies for selecting events in
the most sensitive trigger channel, referred to in the figure as
3ToT [13], are shown for the 750 m and the 1500 m arrays.
The smaller spacing between stations of the 750 m array
leads to an increase of the trigger efficiency at low energy.
Its trigger efficiency is 100% at energies above 3×1017 eV
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Figure 2: 3ToT trigger efficiency of the 750 m array (full
symbols) and of the 1500 m array (open symbols) obtained
from simulations of iron and proton primaries. Events with
zenith angle less than 55◦ in the case of the 750m array and
less than 60◦ for the 1500m array are considered.

for air-showers with a zenith angle smaller than 55◦, an
energy ten times lower than for the 1500 m array [13].

Only events that can be reconstructed with high qual-
ity are used in the spectrum. Thus it is required for each
selected event that the detector with the highest signal is
surrounded by 6 working detectors, i.e. it is within an active
hexagon. This condition also defines an effective detection
area for the array given by the set of unitary hexagons cen-
tred on the detectors internal to the array (see figure 1). The
exposure for energies above full trigger efficiency is ob-
tained by integrating this fiducial area over the observation
time [13]. The exposure between August 2008 and Decem-
ber 2012, the period used in this work, is (79±4)km2 sr yr.
The spectrum is almost free of systematic uncertainties com-
ing from the exposure given the simple way it is computed
above the full trigger efficiency energy. More details about
the calculation of the exposure, the trigger hierarchy and
the selection of events of the SD can be found in [13].

3 Event reconstruction
The reconstruction of the events of the 750m array is based
on the well-tuned algorithms of the 1500 m array. The
direction of a primary particle is obtained from the time of
arrival of the air-shower particles at the ground. The angular
resolution is better than 1.3 ◦ for events that trigger between
3 and 6 stations (〈E〉 ' 1.6×1017 eV) and better than 1 ◦

for those with more than 6 stations (〈E〉 ' 4× 1017 eV).
The signals recorded by the surface detectors are converted
into units of vertical-equivalent muons (VEM). One VEM
is defined as the average of the signals produced in the 3
PMTs of a water-Cherenkov detector by a vertical muon
that passes through the detector’s centre [14]. The signals in
VEM units are fit with a lateral distribution function [15] as
in the case of the 1500 m array. The energy reconstruction
of the events is based on the estimation of the lateral
distribution of secondary air-shower particles reaching
ground at an optimal distance. The optimal distance is that
at which, for a wide range of reasonable lateral distribution
functions, the spread in the signal size predicted at that
distance is a minimum [16, 17]. For the 750m array the
optimal distance, determined empirically, is 450m. The
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Figure 3: S(450) value of the constant intensity cut (see
text) in each zenith angle bin. The data are fit with a third
degree polynomial in x = cos2 θ − cos2 35◦. The vertical
dotted line corresponds to the reference zenith angle of 35◦

and the shadowed region to the fit uncertainty.

statistical uncertainty in S(450), given the sparse sampling
of the shower front and the finite resolution of the surface
detectors, decreases from 20% at 〈E〉 ≈ 1.3× 1017 eV to
5% at 〈E〉 ≈ 1.4×1018 eV. An additional uncertainty due
to fluctuations in shower development is estimated to be of
the order of 10% [18].

S(450) is corrected for the zenith angle dependency
caused by the attenuation of showers in the atmosphere
by means of the constant intensity cut method [19]. The
method is based on the hypothesis that showers with ener-
gies above a given energy threshold arrive with the same
rate from all directions. Following this procedure the data
are divided in intervals of cos2 θ with θ being the zenith
angle. Events in each bin are ordered by decreasing S(450)
values. We choose to study the attenuation of the signal for
an intensity of 500 events (corresponding to an energy of
' 5× 1017 eV). The corresponding values of S(450) ver-
sus zenith angle are fit with a third degree polynomial in
x = cos2 θ − cos2 35◦ as shown in figure 3. In this way an
equivalent S(450) at a reference zenith angle of 35◦ (S35),
approximately the median angle of an isotropic distribution
of cosmic rays between 0◦ and 55◦, is obtained for each
event from:

S35 =
S(450)

1+ax+bx2 + cx3

with a = 1.69±0.05, b =−1.3±0.1 and c =−2.3±0.7.

4 Energy calibration
The energy of each event is derived from a subset of show-
ers observed by the 750m array in coincidence with the flu-
orescence telescopes at Coihueco and HEAT. Only events
with energies above the full trigger efficiency threshold are
considered. Additional criteria in both the SD and the FD re-
constructions are adopted to select only the highest quality
events. In the case of the SD the fiducial cuts presented in
section 2 are used. For the FD it is required that the SD sta-
tion used in the hybrid geometry fit is closer than 750 metres
to the shower axis; that there exists a contemporary measure-
ment of aerosols [20], and that the vertical aerosol optical
depth is less than 0.1; that lidar cloud measurements show
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Figure 4: Correlation between S35 and EFD for the 414
events used in the calibration of the 750m array. These
events are observed by the 750m array in coincidence
with telescopes of the fluorescence detector located at the
Coihueco and HEAT sites.

less than 25% cloud cover; that the Gaisser-Hillas func-
tion fit to the shower profile has a normal-transformed chi-
squared ((χ2−ndf)/

√
2 ndf) within 2.5 of the mean; that

the maximum size of a gap in the measured shower profile is
less than 20g cm−2 ; that shower maximum Xmax is viewed,
and measured with an uncertainty of less than 40g cm−2;
and that the relative uncertainty in energy is less than 0.18.
In addition a fiducial volume cut is applied to ensure that
the energy calibration is unbiased with respect to the mass
of the cosmic rays [21]. This cut selects shower geometries
which would allow an unbiased measurement of any Xmax
across the range of values present at a particular energy,
without a significant Cherenkov light component of the sig-
nal.

For each event selected for the calibration, S35 is corre-
lated with the energy measured by the fluorescence detector
(EFD) to calibrate the energy of the 750m array as shown
in figure 4. The FD provides a calorimetric measurement
of the cosmic ray energy obtained from the integration of
the longitudinal profile of air-showers [22]. The energy that
is not observed by the FD and which is carried away by
neutrinos and muons produced in air-showers, referred to
as invisible energy, is added to the calorimetric energy to
obtain EFD. This invisible energy is estimated for each in-
dividual event in the calibration with a new method based
on the S(450) measured by the SD [23]. Its average value
decreases from 18% at 3×1017 eV to 13% at 1019 eV. The
calibration events in figure 4 are fit with the function,

ESD = ASB
35

with A = (12.1± 0.7)× 1015 eV and B = 1.03± 0.02. A
likelihood function based on a modelled distribution of
S35 and EFD is maximised to obtain the fit parameters [24].
The resulting conversion from S35 to energy is almost lin-
ear. The statistical uncertainty in the energy is propagated
from that of S(450). Its value is dependent on the energy
and improves from ∼ 18% at 3×1017 eV to ∼ 10% above
5×1018 eV. The systematic uncertainty in the energy due
to the calibration is 1% at 3×1017 eV and increases to 3%
at 4×1018 eV. Other contributions to the systematic uncer-
tainty come from the FD. The 14% uncertainty includes
contributions from the absolute fluorescence yield, the FD
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Figure 5: Energy spectrum of cosmic rays derived from
26385 events observed by the 750m array above 1017.5 eV.

calibration, the propagation of fluorescence and Cherenkov
light in the atmosphere, the FD reconstruction and the in-
visible energy correction [22].

5 Energy spectrum
The energy spectrum of cosmic rays is derived from events
observed between August 2008 and December 2012. The
exposure presented in section 2 is used to obtain the flux.
Given the statistical uncertainty in the energy assigned by
the 750m array, bin-to-bin migrations influence the derived
flux and thus the value of the spectral index. To correct for
these effects, a forward-folding approach is applied. Monte
Carlo simulations of proton and iron showers are used to
obtain the energy resolution of the detector in order to derive
a bin-to-bin migration matrix. These matrices are then used
to find a flux parametrisation that matches the measured
data after forward-folding. The ratio of this parametrisation
to the folded flux gives a correction factor that is applied
to data. The correction to the flux is energy dependent and
is less than 10% over the energy range of interest. The
energy spectrum corrected for the energy resolution of the
750m array is shown in figure 5. The exposure, the weather
effects and the forward folding procedure contribute to a
total systematic uncertainty in the derived flux of 7%.

A power law function is fitted between 3× 1017 and
4×1018 eV, the energy of the ankle according to the 1500m
array [2], using a binned likelihood method. The adjusted
spectral index is 3.27±0.02(stat)±0.07(syst). The quoted
systematic uncertainty comes from the energy calibration.
Spectra built with events falling in the zenith angle bins
[0◦,28◦], [28◦,42◦] and [42◦,55◦], all of them having the
same acceptance, are compared. The corresponding fluxes
corrected for energy resolution are shown in figure 6. The
consistency of these spectra highlights the robustness of the
reconstruction of events with zenith angles up to 55◦.

The spectrum measured by the 750m array is shown
together with the Auger spectra measured by the 1500m
surface array and the fluorescence detector [25] and those
from KASCADE-Grande [26], the Telescope Array [27]
and Tunka [28] in figure 7. The spectrum of the 750m array
is consistent with the two other Auger spectra and with
the result of KASCADE-Grande. The Telescope Array and
Tunka, however, measure a higher flux than the 750m array.
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Figure 6: Energy spectra corresponding to the zenith angle
intervals [0◦,28◦], [28◦,42◦] and [42◦,55◦] containing 8827,
8714 and 8844 events respectively. The overall spectrum
up to 55◦ is also shown.

6 Summary
We have measured the cosmic ray flux above 3×1017 eV
with the Pierre Auger Observatory using data recorded by
the 750m surface detector array. The energy assigned to
events of the 750m array is unbiased with respect to the
zenith angle emphasising the strength of the applied con-
stant intensity cut method. The spectrum follows a power
law with a spectral index of 3.27±0.02(stat)±0.07(syst)
up to 4× 1018 eV, the energy of the ankle. This spectral
index is in agreement with our previously reported value
obtained from observations with the fluorescence detector
[29]. As the exposure increases in the future the spectral fit
of the ankle feature utilising data of the 750m array will
be in range. The flux observed by the 750m array is com-
pared with spectra measured by the other Auger detectors,
KASCADE-Grande, the Telescope Array and Tunka. The
obtained spectrum is combined with those measured with
the 1500 m array and the fluorescence detector of the Pierre
Auger Observatory in another contribution to this confer-
ence [25].
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