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Fluorescence Yield measurement  
MIDAS 

AMBER 

Np.e. = Npart Edep FY  εPMT εfilterεgeom	



Np.e.  N. measured photoelectrons	



Npart  N. of particles passing through gas 	



Edep  Energy deposited by the particle in the gas in the fov of the PMT	



FY(λ)  Fluorescence Yield (photons/MeV)	



εPMT(λ,θ)  PMT detection efficiency (QECE)	



εfilter(λ,θ) Filter efficiency (10 nm or 100 nm bandwidth)	



εgeom(λ)  geometrical efficiency (may include mirrors, etc.) 	



All of them contribute to the systematic uncertainty of the FY measurement 



Calibration strategy 

AMBER 

•  “Piece-by-piece” calibration 
Kakimoto et al, Nagano et al, MACFLY, AIRLIGHT, Lefeuvre et al, FLASH	



   Measure each factor of detection efficiency independently  

•  “End-to-end” calibration 
 Calibrate the detection efficiency  at once,    AIRFLY 

(CRAYS, end-to-end calibration of the Fluorescence Detector!)     

Np.e. = Npart Edep FY  εPMT εfilterεgeom	





Calibration of PMT efficiency 

AMBER 
•  “Standard” calibration 
   Rely on the manufacturer calibration: uncertainty ≈10%   

    Kakimoto et al, Nagano et al, MACFLY, AIRLIGHT	



•  “Ad hoc” calibration 
  Use  specifically developed calibration techniques: uncertainties 2.2% to 7.5%  

  Lefeuvre et al   377 nm Integrating sphere + NIST   
  FLASH           Rayleigh scattering of 337 nm laser  
  AIRFLY           Cherenkov light and 337 nm laser 

Major systematic uncertainty of the FY measurement  



Single p.e. spectrum 

TDC spectrum 

Bkg level 

signal •  Radioactive source measurement 

   Discriminator set on valley of single     
p.e. spectrum 

 scintillator – p.e. time coincidence 

Bkg extrapolated from TDC spectrum  

Nagano et al 
Np.e. 



Np.e. (counting p.e.) 
•  Kakimoto et al 
   Fit single p.e. distribution with a model 

   (CE) systematic unc. 5%  

•  Nagano et al 
  Use single p.e. threshold as calibrated by factory. No systematic from single p.e. 
threshold   
(CE systematic unc. 10%) 

Correction for n. of p.e. below threshold 



Np.e. 

•  MACFLY 
   Fit single p.e. distribution with a model 

systematic unc. 4%  

•  AIRLIGHT 
  Count single p.e.above 0.5 p.e. 
threshold. Then correction of  
  +12% + 7.5% ± 7.5% 

systematic unc. 7.5% 



Np.e. 

•  Lefeuvre et al 
   Correction estimated to be only 3.8% 

systematic unc. negligible  

•  AIRLIGHT 
  Count single p.e.above 0.5 p.e. 
threshold. Then correction of  
  +12% + 7.5% ± 7.5% 

systematic unc. 7.5% 

Significant differences in the estimates of 
uncounted p.e., with  systematic 
uncertainty varying over a large range: 

Negligible to 7.5 %   !?!  



Np.e. 
•  FLASH 
  Many p.e. per beam pulse. 
Systematic arise from absolute 
calibration of ADC counts to n. of 
photons.  

Zero constraint of fits, syst. unc. 1%  

•  AIRFLY 
  Same threshold for single p.e. used for 
fluorescence and calibration runs 
(Cherenkov and laser). Systematic cancel 

Systematic unc. (including bkg 
subtraction) 1% 



Np.e. (rate effects)                            electron rate (kHz)  
 Nagano et al                  1.5 
 AIRLIGHT                    15  
 Lefeuvre et al               103   
 Kakimoto et al           6 103 (beam)  

≈3% 

Accidentals and pile-up   

Lefeuvre et al 

Kakimoto et al  

4% (out of total syst. unc. of 4.7%) 



Np.e. (backgrounds) 
•  Background level 
   Vary from a few % (AIRFLY, FLASH) to several tens of % in radioactive source 
experiments. Estimated from the TDC spectrum, vacuum measurements, shutter 
closed measurements, non-fluorescing  gas. 

Expect a small systematic unc.; few  experiments quote a value (≈1%) 

Signal 1000 mbar 

Background: 
vacuum  

AIRLIGHT  



Npart 
•  Radioactive source experiments 
Small corrections due to deadtime in Kakimoto et al and Lefeuvre et al.   

•  Beam experiments 
FLASH: 109 electrons/pulse; beam current measurement syst. unc. 2.7% 
AIRFLY: single particle measurement, all spill particles recorded in FADC memory, 
no correction needed. Same for fluorescence and Cherenkov runs, systematic 
cancel in ratio. Selection of single particles, n. of p.e.  and bkg. subtraction give a 
syst unc. 1%    

1 particle  

2 particles  

AIRFLY 



Edep 
•  Beam experiments 
FLASH, MACFLY: compare FY emission  with longitudinal development of shower 
 (integrate over energy spectrum of shower electrons)  

FLASH 



14 

From these complementary  
approaches, proportionality of 

fluorescence yield  to Edep verified 
to  ≈1% 

VdG+AWA Argonne 0.5-15 MeV Frascati 50-450 MeV 

APS Argonne 6-30 keV AIRFLY 

FY vs primary electron energy keV to 
GeV. Also, FY induced by protons, 
positrons, pions.  

Edep 



εfilter (transmission) 
•  Interference filters angular dependence (line measurement) 
Significant angular dependence. Must measured and introduced in the simulation 
to take into account photon directions   

Nagano et al 
   up to 20° 

Syst. unc. 5% 

AIRLIGHT  
Klepser Diploma thesis 

Averaged over the 
photon angular 
distribution 



εfilter 
•  Interference filters angular dependence (line measurement) 

   In AIRFLY, fluorescence photons and calibration photons (Cherenkov or laser) 
have the same angular distribution at the PMT thanks to the diffusion inside the 
integrating sphere. In the ratio  Calibration/Fluorescence, systematic cancel   

                      Systematic unc.  
Cherenkov                2% 
337 nm laser              - 

α	



Photon  
Detector 

Integrating 
sphere 

Diffuser 

Cherenkov 
dump 



εfilter 
•  Wideband filter (300-430 nm)  

   Most experiments measure the FY integrated over ≈300-430 nm with a wideband 
filter (Hires, BG3,M-UG6), which does not have the strong angular dependence of 
the interference filters; transmission mostly taken from manufacturer (e.g. Lefeuvre 
et al). But few % differences between nominal transmission and in situ 
transmission may arise from angular distribution, positioning of filters, etc.    



εfilter (FY spectrum) 
•  Fluorescence yield spectrum   

All fluorescence lines within the filter contribute to the measured signal. To derive a 
measurement, a fluorescence spectrum must be assumed. Experiments use 
different measured spectra.   

FLASH 
1.5% 
1.0% 

Lefeuvre et al 
Syst. unc. 0.5%+1% 



εgeom 

Nagano et al: Electron path, PMT solid angle, window transmission  4% 

AIRFLY: Syst. cancel in ratio of calibration to fluorescence signals. Uncertainty 
from beam particle path (for laser calibration only)    0.3% 



εPMT 
•  Quantum efficiency (QE) and Collection efficiency (CE) 
   Rely on the manufacturer calibration 

Kakimoto et al          8%  (QE, Hamamatsu-Utah measurement) 	


 Nagano et al           11%  (QE 5%, CE 10%)	


 AIRLIGHT             11%  (QE 5%, CE 10%)    	


 MACFLY               10%   	


•  Wavelength dependence of QE 
 More important for wideband filter measurements  

FLASH Lefeuvre et al 

Measured by FLASH From manufacturer Syst. unc. 0.5% Syst. unc. 1.2% 



εPMT 
•  “Ad hoc” calibration  
   Goal: reduce systematic uncertainty due to PMT absolute calibration to better than  
factory standard (10%) 

Three independent approaches for a calibrated light source:  

FLASH: Rayleigh scattered nitrogen laser light 

Lefeuvre et al: 377 nm LED and integrating spheres 

AIRFLY: Cherenkov light and nitrogen laser in the AIRFLY apparatus     



FLASH 



FLASH calibration 

Filter transm. 
temperature 

pressure 

Rayleigh 



FLASH calibration systematic uncertainties 

P, T 

Rayleigh 

Spatial distribution 
of light emission 

Calibration 
performed in lab, 
not in situ 

A very careful study of systematic uncertainties	





IceCube Rayleigh scattering calibration 



Lefeuvre et al 

(1) Correlate absolute photon flux at B (measured with a NIST calibrated 
photodiode) with the signal measured at A	



B 

A 

From G. Lefeuvre PhD Thesis 



(2) From the signal measured at A (reduced by a factor of 10-7 with respect to (1)), 
one knows how many photons/s arrive at B. By measuring the PMT single p.e. 
rate, the PMT is calibrated (the 1.5 mm diameter portion of the photocathode) 	



B 

A 



(3) A precise X-Y scan of the PMT photocathode is performed, thus allowing the 
calibration of (2) to the entire photocathode. A 20 mm diaphragm is used for the 
FY measurement, selecting the uniform area of the photocathode  	



                      Systematic unc.  
NIST calibration       1.7% 
XY scan                   0.5% 

Given these small uncertainties (<2%!), all aspects of the calibration must be under 
control to <1%. E.g. uncertainty on linearity of photodiode (107 dynamic range used…)    



Sphere transmission is very 
sensitive to ports area and 
reflectance  	



A couple of other 
potential sources of 
bias…….	





Sphere transmission is very 
sensitive to ports area and 
reflectance  	



Integrating 
Sphere 

fraction of ports’ area 
(0.06 in Lefeuvre et al) 	



reflectance	



‘ 

From G. Lefeuvre PhD Thesis 



Integrating Sphere wavelength 
dependence 

‘ 

ρ(377) = 0.97 

ρ(400) = 0.98 12.44 

11.00 

13% 

In AIRFLY, we have measured the integrating sphere wavelength dependence, 
which is still sizeable even if Gore has a much better reflectance than Spectraflect. 

It may be an important effect O(10%) for the Lefeuvre et al measurement. Must be 
checked 



AIRFLY systematic uncertainties 
Cherenkov calibration  Nitrogen laser calibration  

•  Main aspects of the calibration 
 Two independent methods; in situ calibration; same geometry and detection 
efficiency for fluorescence and calibration light, thus many systematic cancel; 
Cherenkov light spectrum vs 337 nm laser: different systematic     



Simulation of energy deposit 
•  An important effect (according to F. Arqueros et al) 
 Shift measurements of 0.5 to 3 times the systematic unc. 	



Uncertainty quoted by AIRFLY (2%, GEANT4) and FLASH (1%, EGS) 



Conclusions 

•  The uncertainty on the absolute fluorescence yield has been significantly 
reduced (≈ a factor 3) during the last decade. The level we have reached (<5%) 
should be enough for the purpose of UHECR physics 

•   The measurements, which employ different calibration methods, are 
consistent between themselves. A few aspects of the systematic uncertainty 
should still be looked into with open mind, and clarified. It may need additional 
work (simulation or systematic checks) from the different experiments, 
particularly if we would like to properly combine the results. 

•  I wish to thank all the organizers and participants of the Fluorescence 
Workshops, which have provided a stimulating  forum to present and discuss 
our work during the last ten years. It has been a truly rewarding experience.  


