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Abstract: Several experiments for detecting ultra-high energy cosmic rays are applying the fluorescence technique.
With fluorescence telescopes, the development of extensive air showers through the atmosphere can be observed
and important air shower parameters like energy of the primary particle and position of shower maximum can be
derived. The observed fluorescence light is dominated by the isotropic emission from excited nitrogen molecules
of the atmosphere in the wavelength range between about 290 and 430 nm. The radiative de-excitation of the
molecules is competing with several quenching processes by air molecules in their ground states. The strength
of the different quenching processes depends on atmospheric conditions like air pressure, air temperature, and
content of water vapor.
Over the recent years, many experiments have measured several aspects of the fluorescence emission under
atmospheric conditions in the laboratory. Their results and techniques have been discussed continuously for more
than 10 years in a serious of Air Fluorescence Workshops commenced in 2002. The authors of this article represent
a delegation of this workshop community for developing a common way of describing the nitrogen fluorescence
for application to air shower observations.
Here, we present a description of air fluorescence applicable for the air shower reconstruction. Many data from
the laboratory experiments are discussed and a full set of parameters needed for a description in dependence on
atmospheric conditions and spectral intensities is derived. Furthermore, the effect of different absolute scales are
shown and discussed in detail. This fluorescence description is applied to a study of full air shower reconstructions
in the frameworks of the air shower observatories the Telescope Array and the Pierre Auger Observatory.
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1 Introduction
Determining the total energy of air showers is most impor-
tant in observational cosmic ray physics. The fluorescence
light detection technique is the best for this purpose: this
is a calorimetric measurement knowing the emissivity of
the atmosphere, or the fluorescence yield, as a function of
energy deposit by charged particles in the air showers, and
hence less sensitive to details of high-energy hadronic inter-
action at the early stage of air shower development. This
technique, proposed by Suga and Chudakov [1], was first
implemented in the Fly’s Eye experiment [2] and its suc-
cessor the High-Resolution Fly’s Eye experiment [3], and
are also employed in the currently running experiments,
the Pierre Auger Observatory [4], and the Telescope Array
[5]. In JEM-EUSO (Extreme Universe Space Observatory
onboard the Japanese Experiment Module), there are even
plans to put this fluorescence technique onboard the ISS to
observe extremely high-energy cosmic rays from space [6].

A number of quantities are involved in the use of this
technique, e.g. the spectral intensities of the fluorescence
light emitted by atmospheric molecules, pressure and tem-
perature dependence, and also humidity dependence. These

have been extensively studied by many researchers and dis-
cussed in a series of Air Fluorescence Workshops (AFW)
commenced in Utah, 2002 [7] (see also [8] for summary and
references therein). However, all air shower experiments
use their own fluorescence yield models and thus, there are
difficulties to compare results from different experiments.
Therefore at the last AFW in Karlsruhe, 2011, it was de-
cided to develop a common fluorescence description appli-
cable for all the experiments.

Here, the common model of the fluorescence yield using
the most up-to-date measurements is described and the
differences to the models currently being used are discussed.

2 Fluorescence Emission in Air
A formula of fluorescence yield in dry air can be written as

Yair(λ , p,T ) = Y 337nm
air (p0,T0) · Iλ (p0,T0) ·

1+ p0
p′air(λ ,T0)

1+ p

p′air(λ ,T0)·
√

T
T0
·Hλ (T0)

Hλ (T )

(1)
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and taking into account the temperature-dependent col-
lisional cross sections between excited nitrogen and air
molecules in general by

Hλ (T )
Hλ (T0)

=

(
T
T0

)αλ
. (2)

The reference atmospheric condition at which the laboratory
fluorescence measurements have been carried out is denoted
by (p0,T0). The leading factor of the right side of Eq. (1),
Y 337nm

air , gives the absolute yield at λ = 337.1 nm where
the emission from N2 is strongest in the observation range.
The wavelength dependence of the fluorescence intensity is
expressed as Iλ which is relative to that wavelength at which
the absolute yield is determined (337.1 nm). In Eq. (2), αλ
is the exponent of the power law describing the temperature-
dependent collisional cross sections for each wavelength.

For humid air, the characteristic pressure for dry air p′air
has to be substituted in the denominator of Eq. (1) by

1
p′air
−→ 1

p′air
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1− e

p

)
+

1
p′H2O

e
p

(3)

where p′H2O is the characteristic pressure for collisional
quenching with water vapor and e is the partial pressure of
water vapor in the atmosphere.

3 The Reference Fluorescence Yield
Firstly, the spectral and atmospheric dependences of the
fluorescence emissions are described. Together with an
adequate knowledge of atmospheric conditions at the place
and time of an observed air shower event, extensive air
showers observed with fluorescence telescopes can be
reconstructed properly.

The values for all parameters necessary to describe the
fluorescence emission in air with the suggested procedure
are summarized in Tab. 1. The AIRFLY experiment has
measured the intensity ratios Iλ/I337 with large detail and
precision [9, 10]. The spectral resolution of these data is
very high which enables an adequate consideration of all
dependences, cf. Tab. 1, fourth column. A more detailed
comparison of the AIRFLY measured spectrum with other
experimental results can be seen in [8].

Also for the pressure dependence expressed via p′air
(λ ,T0), the AIRFLY experiment has published a complete
set for all bands derived in dry air [9, 10]. However for
the reference yield description, a different approach is
suggested. It is expected that all individual transitions
starting at the same upper vibrational level have the same
p′air. Thus, weighted averages of the p′air values measured
for bands of a particular molecular system with the same
starting vibrational level are used for this reference yield, cf.
Tab. 1, fifth column. Details of the averaging procedure can
be read in [8], the weights are given by the experimental
uncertainties. For those bands, which contribute only quite
weak, we follow the the recommendation of AIRFLY [9].

The additional de-excitation caused by water vapor
molecules in the atmosphere can be taken into account by
a further quenching term, e.g. applying Eq. (3) to Eq. (1).
The values for p′H2O are given at a fixed experimental
temperature T0. The group of Nagano/Sakaki has performed
systematic studies about the effect of quenching excited
nitrogen molecules by water vapor (cf. overview talk by

N. Sakaki at the 8th AFW 2011 [11]). One study is based
on the measurements of the photon yield and the second
study derives p′H2O (λ ,T0) from lifetime measurements.
Even though a systematic discrepancy is discussed between
these two procedures, cf. [12], the overall uncertainties
propagating into air shower reconstructions are sufficiently
small [8]. Thus for the reference yield, averages of the
weighted averages of the two independent data sets are
suggested to obtain p′H2O values for the different band
systems, see Tab. 1, sixth column. For the weak transitions
of v = 3 and 4, we apply a weighted average of the p′H2O
values of v = 1 and 2. The emissions of the two weaker
bands 2P(3,v′) and 2P(4,v′) contribute with 4.8% to the
entire emission at atmospheric ground conditions. For all
other band systems, the p′H2O is set to zero because of
missing information but these transitions contribute with
only 2.1% to the total intensity.

The temperature dependence of the quenching cross
sections is taken into account by applying Eq. (2) to Eq. (1).
Several measurements of the α-coefficient have been per-
formed by AIRFLY [13]. The most recent data have been
presented at the 6th Air Fluorescence Workshop in L’Aquila,
Italy [14]. Also here, the same behavior for all transitions
with a common upper vibrational level is expected so that
again, weighted averages for the band systems are sug-
gested, see Tab. 1, seventh column. The procedure is analog
to the one described for p′air because of the same experimen-
tal technique. For α values of v = 3 and 4, the procedure is
the same as for p′H2O.

An academic fluorescence yield profile for an 0.85 MeV
electron calculated using the reference model using Eq.
(1) – (3) and the values of Tab. 1, FYRe f , is shown in Fig.
1. The absolute scale is determined by the fluorescence
yield at 337.1 nm at 800 hPa and 293 K taken from [15]
which is 6.38 ph/MeV. For comparison, the yield neglecting
humidity quenching and the temperature dependence of the
collisional cross sections (α = 0) is shown as a dashed line.
One can see that these two effects give ∼ 10% difference
in the total yield. The model currently used by TA is also
shown in the figure (blue solid line). This is based on
the FLASH spectrum [16], and the atmospheric parameter
dependence and the absolute scale is taken from [17]. There
are two major differences in the reference model used
here and the TA model which contribute to the total yield
with opposite signs: one is the absolute scale (Nagano’s
vs. Kakimoto’s), and the other is the absence of humidity
quenching and neglecting the temperature dependence of
the collisional cross sections in the TA model.

4 Air Shower Reconstructions
Here, we apply the reference fluorescence description to the
air shower reconstructions of the Telescope Array and the
Pierre Auger Observatory. The most relevant parameters
for an astroparticle physical interpretation of cosmic rays,
namely their primary energy E and the position of the
shower maximum Xmax, are shown in this comparison.

For the data set of the Auger Observatory SAuger, one
year of observed air shower data are used. These data are
an exemplary set of high-quality hybrid events which have
been observed with both detector components, the fluores-
cence detector and the surface detector for secondary par-
ticles. The reconstruction is performed with the software
framework Offline [18] taking into account all necessary
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Table 1: Input parameters for the common fluorescence description.
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Table 1: Input parameters for the common fluorescence description.
system band l Il /I337 p0air p0H2O a

(nm) (%) (hPa) (hPa)
N2 2P 0-0 337.1 100

15.83 ± 0.80 1.46 ± 0.05 -0.35 ± 0.080-1 357.7 67.4 ± 2.4
0-2 380.5 27.2 ± 1.0
0-3 405.0 8.07 ± 0.29

1-0 315.9 39.3 ± 1.4

12.03 ± 0.66 1.90 ± 0.18 -0.20 ± 0.08

1-1 333.9 4.02 ± 0.18
1-2 353.7 21.35 ± 0.76
1-3 375.6 17.87 ± 0.63
1-4 399.8 8.38 ± 0.29
1-5 427.0 7.08 ± 0.28

2-0 297.7 2.77 ±0.13

13.12 ± 0.71 1.80 ± 0.14 -0.17 ± 0.08

2-1 313.6 11.05 ± 0.41
2-2 330.9 2.15 ± 0.12
2-3 350.0 2.79 ± 0.11
2-4 371.1 4.97 ± 0.22
2-5 394.3 3.36 ± 0.15
2-6 420.0 1.75 ± 0.10

3-1 296.2 5.16 ± 0.29

19.88 ± 0.86 1.84 ± 0.2 -0.19 ± 0.08
3-2 311.7 7.24 ± 0.27
3-3 328.5 3.80 ± 0.14
3-5 367.2 0.54 ± 0.04
3-7 414.1 0.49 ± 0.07

4-4 326.8 0.80 ± 0.08 19 ± 5.0 1.84 ± 0.2 -0.19 ± 0.084-7 385.8 0.50 ± 0.08

N+
2 1N 0-0 391.4 28.0 ± 1.0 2.94 ± 0.33 0.47 ± 0.02 -0.76 ± 0.080-1 427.8 4.94 ± 0.19

1-1 388.5 0.83 ± 0.04 3.92 ± 0.32 0 01-2 423.6 1.04 ± 0.11

N2 GH 0-4 346.3 1.74 ± 0.11
7.98 ± 0.56 0 00-5 366.1 1.13 ± 0.08

0-6 387.7 1.17 ± 0.06

5-2 308.0 1.44 ± 0.10 21 ± 10.0 0 0

6-2 302.0 0.41 ± 0.06 21 ± 10.0 0 06-3 317.6 0.46 ± 0.06

calibrations of the different detectors as well as actual atmo-
spheric conditions in terms of profiles of atmospheric state
variables and measured aerosol conditions [19, 20, 21]. The
applied fluoresence calculation is derived from AIRFLY
measurements [22] with an absolute fluorescence yield at
337 nm, 800 hPa, and 293 K corresponding to 7.07 photons
per MeV [23]. The same set of air shower events is recon-
structed a second time SFYRef , applying the reference fluo-
rescence yield described above together with the scaled ab-
solute yield obtained by Dandl et al. [24], see Sec. 5 which
is 7.66 photons per MeV at the same conditions as above.
For further comparison, the set SFYRef−NaganoScale is recon-
structed as SFYRef , only the absolute yield is exchanged by
the Nagano’s value [15].

For the TA case, simulated showers are used. The events
are generated using CORSIKA showers with energies
log10(E/eV) = 19.0 . . .19.1 and the reference model with
scaling by the Nagano’s value, 6.38 photons/MeV at 337nm,
800 hPa and 293 K. For each simulated shower, date and
time are randomly selected from the dark nights between
2008 and 2012, and appropriate calibration data (e.g. mirror

reflectances, night-sky background variations, phototube
gains) and atmospheric profile are applied. After full detec-
tor simulation process, the events are reconstructed in stereo
mode twice using the reference model and the one used in
TA (FLASH spectrum and Kakimoto’s scaling). Both the
Auger and the TA results are shown in Fig. 2.

5 Absolute Yield Discussion
An independent experiment for measuring the relative
intensities of the molecular emission bands of nitrogen over
a wide spectral range has been performed using low energy
(12 keV) electron beam excitation [24]. The shape of the
spectra and the relative intensities are in good agreement
with data obtained by the AIRFLY collaboration. The same
excitation technique has been used to measure the absolute
emission efficiencies for pure nitrogen in a pressure range
from 150 to 1000 hPa. Converting the results from nitrogen
into the corresponding efficiency value for dry air at 800 hPa
and room temperature leads to a value of (8.1± 0.8) 337nm-
photons emitted per MeV electron beam energy. This value
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Figure 1: The reference yield model described by Eq. (1)
and Tab. 1. ”Model 2” is calculated by neglecting the hu-
midity quenching and setting α = 0. The absolute scale
is determined by the fluorescence yield at 337.1 nm for
800 hPa and 293 K taken from [15] which is 6.38 ph/MeV.
”TA model” applies the FLASH spectrum [16], and the at-
mospheric parameter dependence and the absolute scale is
taken from [17]. For these calculations, exemplary atmo-
spheric profiles (p,T,e) for early morning, summer condi-
tions at the site of the Auger Observatory have been used.

is in very good agreement with theoretical predictions
from Monte Carlo simulations by Rosado and Arqueros
presented at this conference [25]. For a conversion of the
efficiency values measured for pure nitrogen, it is important
to study the influence of oxygen on the nitrogen emission.
This has been studied for the 337 nm band for various
oxygen concentrations. An intensity ratio of 12.9 ± 0.6 has
been found between the best purification level of nitrogen
achieved in the experiments and dry air at 800 hPa.

Following the simulations of [25], the fluorescence yield
derived at these low energies of exciting electrons (12 keV)
is expected to be about 5.4% higher than that at the energy
of AIRFLY studies. Scaling the absolute yield given above
to the energy at AIRFLY experimental conditions, a differ-
ence of +8.4% remains being compatible within the given
systematic uncertainties.

Acknowledgment:We would like to express our thanks to the
Pierre Auger and the Telescope Array collaborations for allowing
us to use the air shower data and Monte-Carlo/reconstruction
packages. We are also grateful to all the people and groups
who contributed to the fluorescence yield measurements, and
the participants of the Air Fluorescence Workshops for inspiring
discussion.

References
[1] K. Suga and A.E. Chudakov, 1962, in Proc. of 5th

Interamerican Seminar on Cosmic Rays, Vol. 2, p. XLIX.
[2] R.M. Baltrusaitis et al. (Fly’s Eye Collab.), Nucl. Instrum.

Meth. A240 (1985) 410.
[3] T. Abu-Zayyad et al. (HiRes Collab.), Nucl. Instrum. Meth.

A450 (2000) 253.
[4] J. Abraham et al. (Pierre Auger Collab.), Nucl. Instrum. Meth.

A620 (2010) 227.
[5] H. Tokuno et al. (Telescope Array Collab.), Nucl Instrum.

Meth. A676 (2012) 54.

〉E〈E/∆

-0.15-0.1-0.05 0 0.05 0.1 0.15 0.2 0.25

en
tr

ie
s 

[a
rb

. u
n

it
s]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

RefFY - SAugerS

-NaganoScaleRefFY - SAugerS

-NaganoScaleRefFY - STA-FLASHScaleS

]-2 [g cmmaxX∆

-15 -10 -5 0 5 10

en
tr

ie
s 

[a
rb

. u
n

it
s]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

RefFY - SAugerS

-NaganoScaleRefFY - SAugerS

-NaganoScaleRefFY - STA-FLASHScaleS

Figure 2: Reconstruction difference; Left: Primary en-
ergy of air showers. SAuger- SFYRef : Mean 7.1%, RMS
1.0%; SAuger- SFYRef−NaganoScale: Mean -8.2%, RMS 1.2%;
STA- SFYRef : Mean 8.5%; RMS 2.0%. Right: Position of
shower maximum of air showers. SAuger- SFYRef : Mean -
0.5 g cm−2, RMS 0.9 g cm−2; SAuger- SFYRef−NaganoScale:
Mean 2.3 g cm−2, RMS 1.3 g cm−2; STA- SFYRef : Mean -
6.6 g cm−2; RMS 2.7 g cm−2.

[6] J.H. Adams Jr. et al. (JEM-EUSO Collab.), Astropart. Phys.
44 (2013) 76.

[7] http://www.kceta.kit.edu/8afw2011.
[8] B. Keilhauer et al., Nitrogen fluorescence in air for observing

extensive air showers, Proc. UHECR2012 symposium, CERN;
arXiv:1210.1319.

[9] M. Ave et al. (AIRFLY Collab.), Astropart. Phys. 28 (2007),
41.

[10] M. Ave et al. (AIRFLY Collab.), Nucl. Instrum. Meth. A597
(2008) 41.

[11] N. Sakaki, Overview of Measurements of Humidity
Quenching, 8th Air Fluorescence Workshop, Karlsruhe,
Germany (2011)
http://www.kceta.kit.edu/8afw2011.

[12] A. Ulrich, Two Experimental Techniques Yielding Different
Descriptions of Quenching, 8th Air Fluorescence Workshop,
Karlsruhe, Germany (2011)
http://www.kceta.kit.edu/8afw2011.

[13] M. Ave et al. (AIRFLY Collab.), Nucl. Instrum. Meth. A597
(2008) 50.
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