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Measurement of the
Air Fluorescence Yield
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UHECR Fluorescence Detection
and Fluorescence Yield

* Fluorescence = ——N, |

Spectrum

° p, T and humidity
dependence —T T ———

° Proportionality to

energy deposit \

shower - shower | . " o
.@solute yield N’ (h) = Edep (IT)Ym,-(/L,p, T)

AE/E = 22% in Auger - largest syst. is 14% from absolute yield




AIRFLY strategy

* Precise measurement of fluorescence band intensities
dependence on p, T, and H (relative to 337 nm band)

* Measurement of the absolute yield of 337 nm band
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AIRFLY beams

Beam Test Facility INFN FRASCATI (50-750 MeV)

Chemistry Division Van de Graaff (0.5-3 MeV)
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Accelerator
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NATIONAL LABORATORY

Advanced (3 MeV-15 MeV)

Photon
Source

(6-30 KeV)

2 Fermilab Meson Test Beam (Up to 120 GeV)



_Air fluorescence spectrum_
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AIRFLY measurement solved

SN previous discrepancies due to

neglecting secondary electrons

escaping the field of view
(~all the fluorescence

emission is produced by
secondary electrons )
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-7

E High pressure

Astropart. Phys. 28 (2007) 41



air

S.. (313.6) (arb. units)

S

rH (%) rH (%)

3.7) (arb. units)

(35

0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90100
Ill|IIIIIIIlIIIIIIIIIIIllIIIIIIIIIIIIIIIIIIIIIIJ_- VamnY JllllIIIIIIIIIIIIlIllllIIIIII]IIIIIIIIIIIIIIIIII
0.046 | - © 036 -
0.044 £ 313.6 nm - E 034 337.1 nm-
0.042 = =} i
0.04 4 5 "¥F o
0.038 [ — 5 03 F 20 %!
ome £ B
0.032 | 4 026 .
0.03 = o 024 —
0,028_—r\|\[\|\\|\|\r\||\|‘|\\1—_ @Ho.zz:\\I\|\I\l|l\\l‘l\\l‘I\II:
= ] [ |
0 5 10 15 20 25 O 5 10 15 20 25 H d ty
p, (hPa) p, (hPa) umiai
H (%) H o o d
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100 epen ence
0075 IIII||||I|IIIIIIIIIIIIII|IIII|IIIIIIIII|IIII|IIIL /cn\ 0095 <:llII|||II|Il||I||lI|IIIIIIIIIIIIII|IIII|IIII|III4
0.07 L 353.7nmj -z 09 F 391.4 nm -
’ . = 0.085 [ =
0.065 |- 4 g 0084 E
- 18 0075 | =
0.06 -4 = o007 | -
0055 |- S 0065 | . NIM A597 (2008) 50
' - 1 @ 006 B
S | | L. d L S | | e
< 0.05 |- | - 1111 L 11 111 \./:‘ 0055 | - L 11| L 111 L 111 |-
® 0 5 10 15 20 25 oy 0 5 10 15 20 25
p, (hPa) p, (hPa)

water vapour
partial pressure

A(mm) | ph,o (hPa)
2P2,1) | 313.6 | L.21 +0.13

L (1_ &) L1 P 2P(0,0)| 337.1 | L.284+0.08
Poir  Plir Pi,o P 2P(1,2) | 353.7 | 1.274+0.12
IN(0,0)| 391.4 | 0.33 40,03




0.095
0.09
0.085
0.08
0.075

S, (313.6) (arb. units)

0.07
0.065

0.145
0.14
0.135
0.13

0.125

S,;; (353.7) (arb. units)

0.12

0.115

2P(2,1)

2P(0,0)
2P(1,2)

1N(0,0)

_l l L I | L I L I L l- 0-7
_ 313.6 nm _ [
= ~ E 0.66
g 1 % e
— 5 & o6
s 1% o
—l l 1 1 1 I 1 1 1 l 1 1 1 I 1 1 l- 0.58
240 260 280 300 320
T (K)
—‘L L I | L L L 0-17
— h i Z 0.165
- E 0.16
— < 0.155
L =
= 3 015
u ; 0.145
—l l 1 1 1 I 1 1 | | l 1 1 1 I 1 1 1 0.14
240 260 280 300 320
T (K)

A (nm) (85N

313.6 —0.09 + 0.10

337.1 —0.36 £ 0.08

353.7 —0.21 + 0.09

391.4 —0.80 £+ 0.09

RANGE [-40,30] °C

0

up to 10 % effect!

o =0

. (assumed)

Temperature
dependence

_J I L I L LI I UL
: 1 I L1l I L1 1l I | - | I L1 1l |
240 260 280 300 32
T (K)
:l I‘\l UL I | g1 LI I UL
E L '391.4 nm E
:
:I I L1l I L1 1l I | - | I L1l 1l
240 260 280 300 32
T (K)
o=0!

NIM A597 (2008) 50



£0.1
of VAG+AWA Argonne 0.5-15 MeV | i**f ot 50450 MV
U')ﬁ 0.1:_ wg 0.1:—
U')g . E... ......................................... | R - gg E
< 005E 2 S!E ‘ T ﬁ Il T i 0.055.. ..... i...]...l ................................................... I..-
— [ - l 1 ° ~ ]
0 I I ]
: T T l }1 T I o “ 1 ] L
0.05 b b o [P N SN N S i
i
018 G T T T T TR T T T T T T i e e
K.E. (MeV) ’ 50 100 150 200 250 300 350 éOEO M :\?)0
R APS Argonne 6-30 keV
5 0al
Ot Energy
(D 0.05 [ =+=mnfresmremmnsasmramnsasmeananasne s en e s s
ﬂ ! O dependence
ofF ! - I
- I
: + ! * % NIM A597 (2008) 46
005:- ----------------------------------------------------------------------
L Proportionality of fluorescence
ot yield to E,,, at few %
DA e s 3

X-ray energy (keV) 10



Absolute yield of the 337 nm line

Main systematic comes from absolute QE of photon detector
AIRFLY: normalize to a well known process (Cherenkov
emission) to cancel detector systematics

Ns3,(tluor.) = Geomg,, X Ty X QE337
‘\ ; \ \ [ measured
- ]
mea/sure knojwn 1\;(; /cancel\; J

N337(Ch61'.) =CHY x Geomcher X TﬁlterX QE337.X 8mirr

First test
337 filter 337 filter
\ N \ performed
ey S - VU . In Frascati
~ 45" mirror
P
Fluorescence run | Cherenkov run | 11




AIRFLY at the Fermilab Test Beam

2 Fermilab
I —

g - High energy up to 120
GeV

« Well defined beam:
single particle trigger
and geometry

337 nm filter

Photon
Detector

Diffuser to be placed
for Cherenkov ru

* Wide range of

particles type and
intensity (p, e, y, )

Cherenkov
dump

[EE  Acceptance counter

Veto counter

Particle
beam

* Absolute calibration with two independent methods:
Cherenkov and laser light
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Why use an Integrating Sphere?

 Lambertian light output
independent of input light
distribution

Fluorescence isotropic —

Cherenkov highly beamed

e Depolarize light

*Fluorescence unpolarized —

Highly diffusive PTFE

DRP™ BACKLIGHT REFLECTORS AT COMPARATIVE THICKNESS LEVELS

Cherenkov polarize

Reflectance vs Wavelength

m=) NO syst. from angular or E | paaseysessssEanE
polarization dependent efficiency - , =/
of PMT+337 nm filter E f
%%i: % B E +32 mm bﬁW“‘ Back|ig.r-1vt”Reerctor
. Lollect photons over ~4n 3ol [ e
Improve Signall bkg ratio ) g 075 |- . |20.5 mm DRP™ Backlight Reflector
%’4 o7 Lo e v b b b b . -
% g 250 500 750 1000 1250 1500 1750 2000 2250 2500
g = Wavelength (nm)



Single particle triggering

. 4s 1 spill / min
S Several 10° particles/spill
ol VTNV

WWVWW

ADC Counts
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Up to 70 bunches 700 800 900 1000 1100 1200 13'06
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Cherenkov, FADC 500 MHz UV transparent acrylic rod
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Fluorescence Measurement in N,
120 GeV protons

p.e. timing (wrt. proton)

Single p.e. spectrum g
n 350_ - w4
§ [ Entrles 554068 | e +  Signal 1000 mbar
w 300— < 3 M
2501 E 25_ o« o Background:
- N / vacuum
200 q’ E . .
- S o aooposensestonssasitusesapenorininine i o U Ieessesetepensteresspestios
150 40 -30 -20 -10 o 10 20 30 20
C Arrival time of photon (2ns)
100;— | Integrating
B phere
sl /
° 500 1000 P1I\II5'I92harge ii?gg?ral [ADgsgo%nts] Photon L/\
Detector
Sk, (N,)=(20.05 * 0.11) 10 p.e./proton \
Sg (vac) = (0.48 * 0.09) 10 p.e./proton Potential background
from secondaries
Counting experiment: select (single, clean) produced in gas and
protons and then count the photons they hitting walls
produced. |




Fluorescence Measurement in N, and air
SFI(NZ )- SFI(air ) = (F|N2 + Bkg) _ (Flair+Bkg) Same background from

secondaries produced
in air and N,

r =7.45+0.08 measured
in the Fermilab
apparatus with an
alpha source

Z g [ T
r=7.35%0.08
Measured at AWA
Argonne

= Flyp = Flg = Fly, (1-1/r)
3 — ! T : AR

p (hPa)
Flyo = (19.44 £ 0.15) 10 p.e./proton 1% statistical unc.
Bkg = (061 + 008) 10-4 p.e./proton consistent with vacuum

bkg only 3% of signal



Cherenkov Measurement in N, and air

@ 6;— % | Integrating
g Signal 1000 mb phere
E. .
? 3 [ ]
S ) Background: Photon
c - ¢ vacuum Detector
Q .
9 /
o * £ &
WWO.?@M
* * " (L * Arrivafotime of p;llton (2ns‘;0 Diffuser
Scn(N, ) =(32.89 + 0.15) 10“ p.e./proton Cherenkov
Ch( 2) ( ) P P Additional bkg from | 4™

— «— Cherenkov of beam
= Chy, +Flyo+ Bkg + BKGch i DRP (tefion)

Bkg ~10% of FI+Ch
Bkgc, = (2.57 £ 0.13) 104 p.e./beam particle Measured in vacuum, He

Chy, = (10.27 £ 0.23) 10* p.e./beam particle 2% statistical unc.
Ch,, = (10.28 £ 0.25) 10 p.e./beam particle Air ~N, 21



Absolute Yield of 337 nm line

Fluorescence to Cherenkov ratio . (\6‘\‘

FI (WO
Ry = — M2 = 1893 +0.04 A\
N2 Che, 893 + 0.045 ?(G

Geant4 MC simulation of the experiment.
All individual components simulated
according to measurement: wavelength and
angular dependence of 337 nm filter
transmittance, sphere transmission, PMT
QE, relative intensities of fluorescence
bands, etc.

Given an absolute fluorescence yield in the
simulation, (Y, )uc, we obtain the expected
Fluorescence/Cherenkov ratio, (R, )uc

Yair =(Rua /1) (Y _ )= 5.60 £ 0.13,,, photonsy,/MeV

( Rair )MC 2.4 % statistical unc., systematic
discussed later

Currently used in Auger: 5.05 photons/MeV (Nagano)




A few of many checks
 Measurement reproducibility:

2 test beam periods, each 2 weeks. Apparatus taken apart
and mounted again. Very stable results. Gas purity stable.

* Is DRP scintillating?
Checked with alphas hitting the sphere under vacuum. No
scintillation observed.

» Bkg from secondaries produced in the DRP port in
Cherenkov mode?

Sch(Ns)-Sep(air) = S (N,)-Sg (air), thus no bkg from
secondaries produced in the DRP port

Fluo/Cher
N

* Fluorescence/Cherenkov stability

. . . .‘

Eg. with respect to time integration of signal

20
{ime window /2ns



Cross-Check of FI/Ch

Use an aluminized mylar mirror to bounce Cherenkov light back
into the sphere. Eliminate bkg from beam Cherenkov in the DRP

Bkgcp =0

Photon

Detector t
/ ) d
Aluminized !
mylar
mirror

Independent Y - measurement, consistent within 2% (4% stat.
uncertainty)

N\

Cherenkov
dump




Absolute calibration with 337 mn laser

Light from a 337 nm laser

T Tt (absolute calibration at 5%),
/ IS attenuated in a second
=— integrating sphere of know
Detector transmission. A known n. of
\ photons enter the AIRFLY

mteg?ratlng sphere, and

single e are measured in
| crerom the P

NIST calibrated

\\ ivrobe (5%)
——— -

Pulsed 337 nm laser

Integr. sphere n. 2
(efficiency measured

independently) Eff = (10.64 £ 0.11) 10 p.e./photon,,
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Absolute Yield of 337 nm line ">

.

Laser Calibration (G\\

Fl\o
Eff

A Geant4 MC simulation of the laser calibration is performed and (Eff),. is
obtained

Lno = = (1.757 + 0.023) photons,-/proton

Y = (b2 /1) (Y_ ), .=556+0.07,, photonss;,/MeV
( L )vc 1.3 % statistical unc.

Consistent with the Fluorescence to Cherenkov ratio measurement

NOTE:
In situ laser calibration during test beam. Laser calibration reproduced in the
lab at 1% level. Different probes consistent within 3%

Fluorescence data sample independent of the FI/Ch measurement

337 nm laser line vs Cherenkov light integrated over a 10 nm FWHM
interference filter. Different systematic



Systematic Uncertainties
Fluorescence to Cherenkov ratio

- Reflectivity of the sphere ~ 1%

- PMT quantum efficiency ~1.5% o

- Monte Carlo statistics ~ 1% '3,4‘

- N,/Air ratio ~ 1% 6)’6

- Geometry ~ 1% %
- Filter transmittance ~ 2%

- Background subtraction ~ 1%

- E4ep model in MC (% level, large sphere

Ongoing check with F.Arqueros)

Total systematic uncertainty expected < 5%



Systematic Uncertainties
Laser Calibration

- Laser probe calibration

- Transmission sphere n. 2 ~ 2% '9&

- Monte Carlo statistics ~ 1% 4&& .

- N/Air ratio ~ 1% >

- Geometry ~ 1% “

- Background subtraction ~ 1%

- E4ep model in MC (% level, large sphere)
NOTE:

Lar%est systematic (5%) from calibrated probe ‘Iaser pulse). Currently
working to reduce uncertainty to 2% by a DC NIST calibrated probe.

Fluorescence produced by secondary electrons: high energK beam particle
not important. We confirmed by measuring fluorescence with 32 GeV pions
and 8 GeV electrons.



Summary

* AIRFLY has performed a precise measurement of the
absolute fluorescence yield of the 337 nm line. Two
independent calibration methods have been used, Cherenkov
and laser light, giving compatible results. The preliminary
results are consistent within the larger uncertainties of other
experiments. We expect a final measurement with a total
uncertainty of ~ 5%.

* Together with AIRFLY measurements of the air fluorescence
spectrum and its pressure, temperature and humidity
dependence, the total uncertainty on the energy scale of
UHECR will be reduced to ~ 5%.
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