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Abstract: A new type of absolute measurement of the nitrogen fluorescence yield in the air will be performed at LAL
using 3 items which will yield an unprecedented precision inall conditions of pressure, temperature, and pollutants.
A 5 MeV electron beam will be provided by the new electron accelerator PHIL at LAL. As the fluorescence yield is
proportional to the energy loss of the electrons, the contribution of secondary electrons (deltas) to the signal is much
more important than the contribution of the primary electrons. It has therefore been chosen to use an integrating sphere,
the basic property of which being that the probability to detect light is independent from where the light is produced inside
the sphere. An output device on this sphere will be equipped with a set of optical fibers driving the fluorescence light to
a Jobin-Yvon spectrometer equipped with an LN2 cooled CCD. The fluorescence spectrum in the 300-430 nm rangewill
be accurately measured in steps of 0.1 nm resolution. A PMT equipped with a BG3 filter (the same as on JEM-EUSO)
will be set on the sphere to measure the integrated yield. Thesphere will be monitored by a NIST photo-diode, and will
be surrounded by a spherical envelope to create a temperature controlled chamber (a Dewar). With this setup it will be
possible to vary the temperature from−60

◦

C to+40
◦

C and the pressure from 1 to 0.01 atm. The expected precision of
the yield should be better than 5%.
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1 Introduction

A precise measurement of the energy is essential for the
study of ultra-high energy cosmic rays. Basically, two
types of detectors are used for this purpose:

• Surface arrays which sample the shower tail: this
method records the lateral development of the
shower of secondary particles using an array of par-
ticle detectors.

• Fluorescence detectors which record the longitudi-
nal development of the shower and observe the at-
mospheric fluorescence induced by charged particles
in the shower.

The second method is currently the most precise one to es-
timate the energy of cosmic rays, and is used by the Fly’s
Eye experiment [1], HiRes [2], Telescope Array [3], and
the Pierre Auger Observatory [4]. The future JEM-EUSO
telescope [5] will also detect extensive air showers from the
International Space Station with this method.

Fluorescence detectors provide a measurement of primary
cosmic ray energy which is relatively model independent,

as the fluorescence intensity is proportional to the elec-
tromagnetic energy released by the shower into the atmo-
sphere. For the Pierre Auger Observatory, the uncertainty
in the energy using the fluorescence method is around22%,
and the main source of systematic uncertainties comes
from the limited accuracy in the measurement of the air-
fluorescence yield. In the Pierre Auger Observatory[4] the
uncertainty in the fluorescence yield contributes14% to the
total systematic error of the energy calibration. This param-
eter is thus a key for determining the energy of ultra-high
energy cosmic rays detected by a fluorescence telescope.
We will measure the fluorescence yield using a 5 MeV elec-
tron beam and calibrated detectors in order to improve the
accuracy of this value to a precision of5%.

2 Fluorescence Yield

Air-fluorescence photons are produced by the de-excitation
of atmospheric nitrogen molecules excited by the shower
electrons. Excited molecules can also decay by collid-
ing with other molecules, using the process of collisional
quenching. This effect increases with pressure, reducing
fluorescence intensity.
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Atmospheric effects, including pressure, temperature, and
composition, must also be reproduced and studied in order
to understand the real conditions present during the produc-
tion of fluorescence photons within an extensive air shower.
As the excitation cross sections show a fast decrease with
energy, secondary electrons from ionization processes are
the main source of fluorescence light. For this reason, it is
necessary to simulate the production of fluorescence pho-
tons in order to evaluate the fiducial volume needed for
interaction. The fluorescence spectrum consists of a set
of molecular bands represented by a set of discrete wave-
lengthsλ. The range of this spectrum is the near UV be-
tween 300 to 430 nm.

The fluorescence yield for a line,Yγ , is defined as the num-
ber of photons emitted by the primary charged particle per
meter of path. The deposited energy of an electron per unit
of length is defined as:

ρ
dE

dX
(1)

The number of photons produced with this energy depends
on the fluorescence efficiency of the line,φγ :

Yγ(photons/e/cm) = φγ

ρ

hν

dE

dX
. (2)

This efficiency,φγ , depends on the lifetime of the level (de-
excitation) and also on the effect of pressure, temperature,
and composition [11].

The total fluorescence yieldYtot is thus the sum of allYγ :

Ytot =
∑

γ

Yγ . (3)

Knowing both the fluorescence yield and its dependence
on atmospheric properties accurately is essential in orderto
obtain a reliable measurement of the energy of cosmic rays
in experiments using the fluorescence method [6], [7] and
[8]. Studying the total spectrum of fluorescence emission is
also fundamental for JEM-EUSO in order to optimize data
analysis.

3 Principle of the experiment

3.1 Experimental Set-up

The aim of this experiment is to measure the fluorescence
yield of each line with a5% accuracy using an electron
beam as a source of electrons (reproducing the electrons of
an extensive air shower), an integrating sphere with con-
trol of pressure, temperature, and composition in order to
measure atmospheric effects, and calibrated detectors.

The electron beam will interact with gas inside an integrat-
ing sphere. A fraction of the emitted fluorescence light
will be detected and measured with both a Jobin-Yvon
spectrometer equipped with an LN2 cooled CCD, in or-
der to study each spectral line separately, and also a photo-

multiplier tube equipped with a BG3 filter (the same filter
as the JEM-EUSO project).

The integrating sphere must be vacuum-tight and part of
a dewar to allow studying the yield at low temperatures
(down to −60◦C).The basic property of the integrating
sphere being that the probability to detect light is indepen-
dent from where the light is produced inside the sphere The
size of the sphere depends on pressure (due to the pressure
dependence of the distance of ionization of secondary elec-
trons and multiple scattering) from a few centimeters at 1
atm to a few decimeters at very low pressure (0.01 atm).
The exact size of the sphere is determined using Geant4
simulations to reproduce multiple scattering and the mean
free path of secondary electrons.

The source of electrons is an electron accelerator (PHIL)
developed at the Laboratoire de l’Accélérateur Linéaire
(LAL) and presented in the next section.

The calibration of the detectors is fundamental in order to
obtain an accurate measurement of the fluorescence yield.

3.2 PHIL: the electron Beam

The “PHoto-Injector at LAL” ( [9] and [10]) is an electron
beam accelerator at LAL. This accelerator, which is primar-
ily dedicated to the testing and characterization of electron
photo-guns and high-frequency structures for future accel-
erator projects, can also be used to simulate the electrons
emitted by an extensive air shower.

PHIL is currently a 6-meter-long accelerator with 2 diag-
nostic beam lines. The direct beam line will be used to
inject electrons into an integrating sphere. An Integrating
Current Transformer (ICT) will provide the estimated beam
charge, beam size, and beam position measurement with
high accuracy. The main characteristics of PHIL, for our
configuration, have been summed up in the table 1. For the
measurement of the fluorescence yield, precise knowledge
of the source (energy, position, charge...) is an important
part of the total accuracy. Using the PHIL accelerator, these
parameters will be available with an accuracy of∼ 2%.

3.3 Detectors

For the integrated measurement, fluorescence photons will
be detected and counted by a photo-multiplier tube (PMT)
with the same filter as in the JEM-EUSO project. The cal-
ibration of the detector is a key parameter in this kind of
experiment. The overall PMT efficiency will be measured
using a NIST photo-diode, accurate to 1.5%.

Spectral measurements are interesting because the effect of
temperature, pressure, and composition are not the same
for each spectral line. These effects are also interesting for
the future JEM-EUSO project in order to study the signal
to noise ratio, which changes with the wavelength.

The fluorescence lines will be measured using a Jobin-
Yvon spectrometer equipped with a LN2 cooled CCD.



32ND INTERNATIONAL COSMIC RAY CONFERENCE, BEIJING 2011

Faraday

Optic Fibers

Jobin−Yvon Spectrometer +CCD

Integrating sphere

NIST

Integrated yield PMT

PHIL 

Photon 

secondary electrons

Primary electron

Figure 1: Design of experiment

Characteristics Values
Charge per bunch between 50 pC to 300 pC
Energy 3-5 MeV
Energy spread less than 10%
Bunch length a few ps
Beam transverse dimension 0.5 mm

Table 1: Characteristics of PHIL

The CCD will be calibrated using the calibrated photo-
multiplier tube at the second output of the spectrometer.

The patented method of calibration has been developed and
used with success by G. Lefeuvre, P. Gorodetsky, and their
collaborators, and is explained in the thesis of G. Lefeuvre
(see [11] and [12]).

The expected accuracy of the detectors (PMT and CCD
camera) should be around 2%.

4 Summary

Th experiment will provide both the “integrated” measure-
ment and “spectral” measurement of the fluorescence yield
with high accuracy under a wide range of atmospheric con-
ditions. The first step of the experiment will debug the
measurement at 1atm. It will be performed during the
next months and the study of atmospheric effects (temper-
ature/pressure/composition) will be made during the year
2012.

A combined2% accuracy for the detector and 2∼3 % ac-
curacy for the charge of the electron beam will allow mea-

surement of the fluorescence yield with an accuracy of up
to 5%.
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Figure 2: The PHIL accelerator: Futur position of the sphereis indicated with the red arrow
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