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Abstract: The present uncertainties of the air fluorescence yield are the limiting factor for the energy
reconstruction of ultra-high energy cosmic rays measured by fluorescence telescopes. The AirLight ex-
periment has measured the pressure and energy dependence ofthe air fluorescence yield for the eight
strongest nitrogen transitions with a precision of about 15% for low energy electrons between 250 keV
and 2000 keV. Furthermore the influence of water vapor has been investigated. This paper introduces the
experimental method and summarizes the results.

Introduction

The measurement of air fluorescence is used by
many modern experiments (i.e. HiRes [9], Pierre
Auger Observatory [1]) to detect extensive air
showers (EAS), induced by ultra-high energy cos-
mic rays. The secondary EAS particles (mostly
electrons and positrons) deposit their energy in
the atmosphere by exciting or ionizing the air
molecules which afterwards partially relax by
emitting fluorescence photons. As pointed out by
Bunner [3] most of these photons in the wave-
length range between 300 nm and 400 nm origi-
nate from transitions of the second positive (2P)
system of molecular nitrogen and the first nega-
tive (1N) system of molecular nitrogen ions. These
faint emissions can be measured by fluorescence
telescopes, allowing the observation of the lon-
gitudinal development of EAS through the atmo-
sphere and a calorimetric determination of the pri-
mary cosmic-ray energy. The conversion factor
between the deposited energy and the number of
emitted fluorescence photons is the so-called fluo-
rescence yieldYλ(p, T ) which depends on the air
pressurep and temperatureT as well as on the
wavelengthλ of the emitted photons. This method
is considered to provide the most direct measure
of the primary cosmic-ray energy, it is however
limited by the present uncertainties of the fluores-
cence yield of about 15 % to 30 % and the lack

of knowledge about its energy dependence. In re-
cent years this gave rise to a number of new labora-
tory experiments (i.e. Kakimoto et al. [6], Nagano
et al. [8], AIRFLY [2], FLASH [5] or AirLight)
aiming a precise measurement of the fluorescence
yield over a wide energy, pressure and tempera-
ture range. This paper reports about the results
of theAirLight experiment at Forschungszentrum
Karlsruhe in Germany and is extracted from the
Ph.D. thesis [10] of the corresponding author.

The AirLight Experiment

The setup of the AirLight experiment is similar to
the experiments done by Kakimoto and Nagano et
al. [6, 8]. As is shown in Fig. 1 it consists of a
cylindrical aluminum chamber in which electrons
are injected along the chamber axis. The elec-
trons are emitted from a90Sr-source situated at the
top of the chamber and are collimated by several
lead rings. The electron source has an activity of
37 MBq with an end point energy of 2.3 MeV. Af-
ter having traversed 10 cm of gas (dry air, pure
nitrogen, or a nitrogen-oxygen mixture) the elec-
trons are stopped in a plastic scintillator to de-
termine their energy with an energy resolution of
about 10 % at 1 MeV. The electron rate at the scin-
tillator alters between 10 kHz and 20 kHz, depend-
ing on the pressure in the chamber which can be
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Figure 1: Sketch of the AirLight chamber.

varied between 2 hPa and 1000 hPa. Seven Pho-
tonis photomultipliers (PMTs) are mounted per-
pendicular around the electron beam. Six of them
are equipped with narrow band interference filters
matched to the most prominent nitrogen bands,
whereas one PMT is measuring the integral fluo-
rescence spectrum through a broad band M-UG6
filter as it is used in the telescopes of the Pierre
Auger Observatory [1]. The experiment is measur-
ing coincidences between the electron signal in the
scintillator and photon signals in any of the PMTs
within a coincidence window of 120 ns.

Fluorescence Process

The nitrogen fluorescence spectrum is a band spec-
trum caused by vibrational perturbations of the
molecular energy states. All transitions of the 2P
or the 1N system correspond to the same elec-
tronic transition respectively. The energy of the
transitions is only modified by the different vibra-
tional levelsv′ andv′′ of the initial and final elec-
tronic states. Accordingly the label 2P(v′,v′′) de-
notes a vibrational transitionv′ → v′′ within the
second positive (2P) electronic system. The de-
excitation of an excited electronic-vibrational state
v′ is a competition between radiative and radiation-
less processes. Radiationless processes (quench-
ing) occur via collisional energy transfer to other
molecules and thus strongly depend on the pres-
sure and the temperature of the air. Instead of this
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Figure 2: Pressure dependence of the reciprocal
lifetimes for the 2P(0,v′′) transitions.

the transition probabilities for radiative transitions
v′ → v′′ are constant. This causes the nitrogen flu-
orescence spectrum to be assembled of several sub-
spectra for each vibrational levelv′. The intensity
ratios between transitions within a sub-spectrum
are always constant but the absolute intensities
of the individual sub-spectra vary differently with
pressure and temperature according to the different
strength of the quenching. The quenching strength
is directly related to the lifetimeτv′(p, T ) of an ex-
cited statev′ which decreases the faster with in-
creasingp andT the stronger the quenching. In
the absence of collisional quenching the lifetime
τv′ (p, T ) is constant and equals to the intrinsic life-
time τ0

v′ of the electronic-vibrational state. The
probability for radiative transition can be expressed
as the fraction of the lifetimeτv′(p, T ) at givenp
andT to the intrinsic lifetimeτ0

v′ . All these general
relations are taken into account by the following
approach for the fluorescence yieldYv′,v′′(p, T )
for a transitionv′ → v′′:

Yv′,v′′(p, T ) = Y 0

v′ · Rv′,v′′ ·
τv′(p, T )

τ0v′

(1)

In this expression the intensity ratiosRv′,v′′ are
defined with respect the most intensive transition,
the so-called main transition, of the electronic-
vibrational system. In this work the main transi-
tions are 2P(0,0), 2P(1,0) and 1N(0,0). The intrin-
sic yieldY 0

v′ corresponds to the fluorescence yield
of the main transition in the absence of collisional
quenching whereτv′(p, T ) = τ0

v′ .

The pressure and temperature dependence of the
lifetime τv′(p, T ) can be derived using kinetic gas
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Figure 3: Energy dependence of the intrinsic fluo-
rescence yield.

theory [10]. In first order the reciprocal lifetime
behaves like

1

τv′(p, T )
=

1

τ0

v′

+
p

kT
·
∑

i

fi · Qv′

i (T ) , (2)

where the sum goes over all gas constituentsi
with fractionsfi = pi/p. For air the fractions
fN2

= 0.78 and fO2
= 0.21 have been used.

The water vapor fractionfH2O has been individ-
ually derived from its partial pressurepH2O. The
quenching of Argon and other trace gases turned
out to be negligible. The quenching strength of
each constituent is characterized by the quench-
ing rate constantsQv′

i (T ) which are proportional
to

√
T if the collisional cross-sections are assumed

to be constant.

Measurement & Data Analysis

The dataset used for this analysis consists of about
50 measurements in dry air, pure nitrogen and
a nitrogen-oxygen mixture (90:10) performed be-
tween August and November 2005. The study of
different nitrogen-mixtures is a useful cross-check
for the quantitative understanding of the quench-
ing process. In addition several runs with pure ni-
trogen plus a variable amount of water vapor have
been carried out in order to study humidity effects.
The measurements were done at room temperature
at pressures ranging from 3 hPa to 990 hPa. One
single run lasted between 12 and 30 hours, depend-
ing on type and pressure of the gas.

The data analysis is based on the investigation of
the time difference spectra between the electron
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Figure 4: Relative differences between the fluores-
cence yield of the main transitions with and with-
out taking into account the water vapor in the at-
mosphere. 1σ-bands correspond to daily humidity
variations.

and photon signals in individual filter channels.
The fluorescence signals can be statistically distin-
guished from uncorrelated background by their ex-
ponential time distribution. A gaussian-convoluted
exponential fit to the time spectra results in the
lifetime τv′ and the number of fluorescence pho-
tons. In general there are additional contributions
of other nitrogen bands in one filter channel, and
the measured time spectra are a superposition of
several nitrogen transitions. In order to break up
the different contributions a globalχ2-fit to the
complete dataset (all channels and runs) has been
applied. A good relative calibration of the indi-
vidual filter channels is essential for this proce-
dure [10]. The fit was constrained by the physical
relations between the lifetimes and the intensities
as explained in the previous section. An example
for the pressure dependence of the reciprocal life-
times in the three gas mixtures is given in Fig. 2
for the 2P(0,v′′)-system. The single data points re-
sult from a global fit which was only constraint by
equation (1) whereas the lines correspond to the
results obtained by further constraining the fit by
relation (2). Both fits agree with each other but
only the latter one results in a minimal and con-
sistent set of parameters which are summarized in
Table 1. Since the quenching does not depend on
the excitation process, the above fitting procedure
was applied on the whole usable energy range from
250 keV to 2000 keV in order to maximize statis-
tics. To study the energy dependence of the fluo-
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Band λ [nm] Y0 [Ph./keV] Rv′,v′′ τ0 [ns] QN2
QO2

QH2O

2P(0,0)∗ 337.1 0.338± 0.001 1.00 38.9 ± 0.3 0.11 ± 0.00 2.76 ± 0.01 5.43 ± 0.12
2P(0,1) 357.7 0.69
2P(0,2) 380.5 0.29
2P(1,0)∗ 315.9 0.172± 0.001 1.00 32.9 ± 0.5 0.29 ± 0.00 2.70 ± 0.03 5.78 ± 0.17
2P(1,2) 353.7 0.33
2P(1,3) 375.5 0.34
2P(1,4) 399.8 0.46
1N(0,0)∗ 391.4 1.048± 0.007 1.00 65.2 ± 18.7 5.00 ± 0.17 5.24 ± 0.79 16.02 ± 1.09

Table 1: Parameters for the eight strongest nitrogen transitions. Transitions from the same vibrational state
v′ have the same values forY 0

v′ , τ0

v′ andQv′

i as their main transitions marked with an∗. The quenching rate
constantsQv′

i are quoted forT = 20◦C in [10−10 cm3 s−3]. The quoted errors are statistical only.

rescence yield the fit was repeated on seven sub-
samples of 250 keV energy bins. It turned out that
in the investigated energy range the intrinsic yield
Y 0

v′ does not depend on the energy of the exciting
electrons as is shown in Fig. 3. In order to de-
rive these values the detection efficiencies for the
individual bands as well as the energy deposit in
the chamber have been carefully determined as de-
scribed in [10].

The quenching of water vapor has been investi-
gated by adding different concentrations of water
vapor to 30 hPa of pure nitrogen. The quenching
rate constantsQH2O have been determined by a
linear fit of expression (2) to the reciprocal life-
times versus the water vapor partial pressure as de-
scribed in [10]. The water vapor quenching turned
out to be rather strong especially for the 1N-system
where it is 3 times stronger than for oxygen as
can be seen in Table 1. However due to the rel-
atively small amount of water vapor in the atmo-
sphere the net effect on the fluorescence yield is in
the order of a few per cent as is illustrated in Fig. 4
for real atmospheric profiles measured at the Auger
site [7].

Results & Conclusions

The analysis procedure described above leads to a
consistent description of the fluorescence process
with a minimal set of parameters. These parame-
ters have been determined for the 8 strongest ni-
trogen bands and are summarized in Table 1. It
has been shown elsewhere [10] that the contribu-
tion of neglected nitrogen bands to the total fluo-
rescence yield is less than 4 %. Using the values

of Table 1 the fluorescence yield in dry or humid
air can be calculated for any atmospheric pressure
and temperature by means of equation (1) and (2)
with a systematic uncertainty of about 15 %. This
error can be further reduced to less than 10 % by
an end-to-end calibration of the whole setup using
Rayleigh-scattering of a nitrogen laser beam [4].
Water vapor in the lower atmosphere further re-
duces the fluorescence yield by about 4 % at the
Auger site. Currently this effect is still concealed
by the systematic uncertainties of the fluorescence
yield but might become an issue when these uncer-
tainties are further reduced.
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