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* Air-fluorescence induced by

electrons.

e Spectrum: 2P and 1N systems
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Introduction

* Fluorescence yield Y (# photons/unit deposit energy):
parameter to convert the telescope signal in shower energy.

* Fluorescence is quenched by collisional de-excitation and thus,
the FY depends on atmospheric parameters (P, T, h).

__y
1+P/P,’

Y, P(T,h)

* The fluorescence yield is NOT a “name” (e.g. Nagano, Kakimoto, ..)
but a set of parameters:

1) Absolute value (e.g. Y337, Y,n) — Main source of uncertainty

=

2) Wavelength spectrum
3) Pressure dependence in dry air (P’,) Non-negligible

4) Humidity dependence (P’,) contribution
5) Temperature dependence (a)

—
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Relative intensities

- Common upper level v: proportional to Einstein
coefficients

Ivv‘ X Avv'

- Different upper levels: Franck-Condon coefficients ¢y..,

1 L= qX%vAvv' 1-l_I)/I)'O Pi:P’qX%vAvv' P'v

4%

Iy GxoAp 1+P/ P qx—0A00 P
independent of P

Applicability of F-C principle is not expected a priori
because fluorescence is induced by low-energy
secondaries, nevertheless ...



Relative intensities
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Relative intensities

Ivv' — qX—>vAvv' 1-I_I)/})‘O Pjp,quvAvv' P'v
Loy Gx—oAg 1+ P/ P dx—0A0w P

independent of P

Applicability of F-C principle is not expected a priori,
nevertheless ... it works for 2P(0-v’) and 2P(1-v’) bands

(90% contribution) and also for weaker bands when taking
into account experimental uncertainties.

* Accurate |, within 290 — 430 nm from AIRFLY

* Beyond this interval (small contributions), the
above formula can be used safely.



Seconday electrons

1.E-20 3
N% ) Excitation cross section of the 2P system

& N, Xlz;_e_> N: B2%! peaked at few eVs = High energy

1 E.02 electrons cannot produce 2P

5 fluorescence (dominant at high pressure)
3
o e . 2P fluorescence is generated by low
1 E.04 - N, X2, >N, C1I, energy electrons from ionizations.

1.E+00 1.E+02 1.E+04 1E+06 1.E+08 1.E+10
E(eV)

e Suggested by Bunner (PhD thesis 1967).

* First detailed calculation up to GeVs:
F. Blanco and F. Arqueros Phys. Lett. A 345 (2005) 355
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Secondary electrons

A simple analytical model

Probability to escape
the observation region

ph/m —A
£, (E)=N L 0, (E)+( 22 (1 - g, (E)
1+P/P' inel
Direct - ~— ~
excitation Secondary electrons
contribution

Phys. Lett. A 345 (2005) 355
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ph/m
e (E)=N

MC simulation

1

1+P/P'
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Average #ph per
secondary electron

{o,(E)+a,(E,PR)0,,(E)}

Direct
excitation



Intensity (arbitrary units)

Secondary electrons

Phys. Lett. A 345 (2005) 355
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Fluorescence intensity vs pressure Fluorescence intensity vs energy

The model accounts for experimental results
previously not well understood
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MC simulation®

e Elastic scattering

|electrons el L. ..
e- source plrimtary' T e RS - Individual e - molecule collision
‘ ¢ Excitation
loop for each " —
electron 4 - E - E - <EeXC>
step=(No) _
N337 = O337/ Oy
o . * |onization
- e ejected with E
yes : _ — F _ ion _
E=E-<E exc> Es
inside -
geometry? B n391 = c)-391/0-i0n
1 iy - K-shell ionization (410 eV).
clast | Torem. | excit. | ioniz. Mo ® Bremsstrahlung
I - 3% of E converted in y-ray.
* Energy cutoff
* F. Arqueros et al. New J. Phys. 11 (2009) 065011 - F =11 eV
cut

updated details in J. Rosado Ph.D. thesis (in press)
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MC simulation®

10" 3

100 ;

Cross section ( ay?)
o

102,

10'35

104 +rrrm—rrrm—rr
100 102

106 108 1010

E (eV)

* F. Arqueros et al. New J. Phys. 11 (2009) 065011
updated details in J. Rosado Ph.D. thesis (in press)

104
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Elastic scattering
- Individual e - molecule collision
Excitation
- E=E- <Eexc>

N337 = 0337/ Oy
lonization
e” ejected with E,
E=E-<E°" >-E
N391 = 0391/ Ojon
K-shell ionization (410 eV).
Bremsstrahlung
- 3% of E converted in y-ray.
Energy cutoff

- E,.=11eV
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Novel parameterization of the energy ~ “*™"™"
spectrum of secondaries

4w Z Ry 1+C(E ))exp{-E, /E}
' o orE <(E -1
dOion = J Ep E;2 '|'\’V2 f ( i )
dE,
| 0 for E.>(E, ~1I)
E = 1 20 1,E-01 -
L ==m,fc - -- Opal
2 — .
> e Mdller
. : a2 1E04- — Extended Opal
Fully consistent with: S g

» EEDL

_ » 1,E-07 A
EEDL— Mgller at highE, 3
5 1,E-10 -
Opal (exp.) at low E_ 8 £, =1 MeV
c)-IOH(E]:)) 1.E=13 +—rmr— e e e e T
Bethe _ BIOCh 1.E+00 1,E+02 1E+04 1,E+06 1,E+08

Secondary electron energy (eV)
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MC simulation

Parameterization of the energy spectrum of secondaries
consistent with Bethe-Bloch

CE =Nair{< den> <E }OIOH(E)
ax :
(Egp)=( m> < ES)+1

— Bethe-Bloch

e Predictions of the model

e e a0 o
E (eV)
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Generic simulation:

 Medium: sphere R of air (P, T)
* Primary electron forced to
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MC simulation
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* Geometry
e e beam features

e Field of view
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Detailed simulation:
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Results: Energy deposition

e (C R S

dx
5 - dE generic simulation
; —(E;PR)
] dX
4
g | hPa cm
231 Bethe Bloch . ..... infinito
v ] PR R
S |
7 1000
->c<,2j 100
S~
o - 10
SN 1
w ]
T 1 - 0.1
O ] T rrrrg T rrrrg T rrrrg T rrrrg T rrrrg T rrrrg T rrrrm
10* 10° 10° 10’ 10® 10° 10" 10"

E (eV)

Results

high E
100 secondaries
5
2 10
>
©
~ 1
AQ.
3 0.1 secondaries —1GeV
L{J/ ' -200 eV
0.01

10™ 102 10° 10? 10*
P R (hPa cm)

Generic simulations:
E4e, Weakly dependent of PR.

Detailed simulations:
E4e, Weakly dependent of fine
geometrical details.

E,., from generic simulations equals those of detailed simulation

forR =

F. Arqueros (UCM)

size of the collision chamber
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Results

Energy deposition — cross check

GEANT4 has been implemented for comparisons with our MC
simulation using simple geometries

e OO0 \ viewer-0 (OpenGLStoredX)




Results

Energy deposition — cross check
dE,,,

dX

versus E

------------ -—> Comparison of our detailed MC

Air 1013 hPa with other simulations

10 cm - GEANT4 (our implementation)
~2.5%

n
—

- GEANT4 (MACFLY)

1 sz)
N
o

—
©
PR N S S N S S S S |

- GEANTA4 (AIRFLY — electrons)

-~ GEANT4 (our implementation)

dE 4op/dX (MeV g

—
~
I W N TN W W N S 1

s -~ This MC algorithm Systematic difference:
Wi Egep(MC) — Eg (GEANT4) =
1 10 100 1000 10000 100000 2 %

E (MeV)
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Results

Energy deposition — cross check

dE
& versus P
Air dX
14 MeV
.............. 2 Comparison of our detailed MC
e 10 cm

with other simulations:

GEANT4 (our implementation)

1.8 7 (our implementation)
-»- GEANT4

-o- Our MC

GEANT4 (AIRFLY*)

(AE/dX)gep = 1.41P %

—_
~

—
o]
1

Very good agreement
in 15—-1000 hPa

(AE/dX)gep = 1.39P %7

dE gp/dX (MeV g™ cm?)
~

15 hPa
X-rays escaping l * Astropart Phys. 28 (2007) 41

—
w
1

1.2

1 10 100 1000
P (hPa)
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Results

Energy deposition — cross check
dE,,,

FLASH collision chamber dX
E=28.5 GeV

versus P

Comparison of our detailed MC
with other simulations:

2.15 -
- EGS4 (FLASH*)
C\T-\Z.'IO -
-
(@)
%’zos- 5% Some discrepancy
=3 <5%
> 2.00 -
o
2 —=—FLASH
LLI '
S 1.95 - — This work
- = -This work (dens. corr. at fixed P)
1.90 Ll L) Ll L) Ll L) Ll L) Ll L) Ll L) Ll Ll v Ll v Ll v Ll 1
0O 100 200 300 400 500 600 700 800 900 1000 * Astropart Phys. 29 (2008) 77

P (hPa)
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Results

Results: Fluorescence

Fluorescence yield without quenching

Photons (vv’') per meter without quenching 0
0 8 1
0 Y =—»w
e, (Ey=N{o,.(E)+a,.(E,P,R) 0,,(E)}
Y Y . 2% y ) ion dE / dX
Average #ph per
] secondary electron 600
10
_ 2 550
S 102 % 500
2 Y2 2450 -1keV
B o0 WS -1 MeV
~ -1 GeV 9400 | GoV
§1o'4 -200 eV Q. 350 €
300 = 1 470 4t 402 403
S A 10 10 10 10 10
10" 102 10° 102 10* PR (hPa cm)
P R (hPa cm)
0.05 - 560
] hPa cm
5 0.04 > 550
Q ] infinito % 540 hPa cm
% 0.03 1 1000 % 230 infinite
= ] 100 YY <520 ~221000
™ i e
3 0.01 - 0 igg
OO e —— 480
10" 10° 10° 10” 10° 10" 102 10° 108 10"
E (eV) E (eV)
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Results

Fluorescence emission cross-check

Collimator and
vacuum impedance

Nitrogen laser

AL,

Faraday

20 keV

low pressure

HY L = Rosado et al.
////';{;/l/{i/l/{{{/////////////lllllllllllllllllllllm
/ %
337 nm 391nm
C;H-O ] « Experimental §51-0 ] « Experimental
0.8 ] — Simulada S0.8 - 17P3 — Simulada
O ] [
~0.6 - ~0.6 -
N e
__90-4 E _'C_)0.4 7]
QO.Z : 30_2 ]
EO_()_|||||||||||||||||||||||| EO_O_.||||||||||||||||||||||||
-12 -8 4 0 4 8 12 -12 -8 4 0 4 8 12
y (mm) y (mm)
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Results

Fluorescence intensity vs. pressure
P’ measurement*
1

e, (E)=N {o0,(E)+a,(EPR)OC,(E)}
1+ P/ R} N v J
additional
(a) (h\ P dependence
1.0 1 1.2 1
@ 08 g 1,0 -
k= 9 0.8 -
> 06 §
- O 0.6
S 4. oft S e £457 (Nagano et al)
o o P o33rl/essy ~ 04 :
E 0.2 @ — O337 flt
& w 0.2 .
® P 0337/€337 — oo fit
0.0 0.0

0 200 400 600 800 1000 1200 1,E+00 1,E+01  1,E+02 1E+03  1,E+04
Pressure (hPa) Pressure (hPa)

Neglecting the effect of secondary electrons in €. give rise
to systematic errors in the measurement of P’

* F. Arqueros et al. New J. Phys. 11 (2009) 065011
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Photons/m

Results

Fluorescence intensity vs. pressure
P’ measurement*
1

e, (E)=N IS { o, (E)+ fxw.(EY,P,R)) 0., (E) }
additional
P dependence
10 3 Nagano et al: P' = 155 hPa 0.6 3 Nagano etal: P' =5.5 hPa
8 4§ PW: P' =129 hPa E0.5 — PW: P' = 3.3 hPa e
; 5 0.4 .
6 ] 337 nm g ]
N O 0.3 1 .
4 - "6 n o 391 nm
2 - Q514 ’
O _ T T T TTTTT] T T TTTTT] T T T TTTTT] 0.0 : T T T TTTTT] T T T T TTTT] T T T 1T T1117T]
1 10 100 1000 1 10 100 1000
P (hPa) P (hPa)

Nagano’s data of € . (P) have been re-analyzed including the

a,..(P) dependence from our MC
*updated results in J. Rosado Ph.D. thesis (in press)

F. Arqueros (UCM) 8th Air Fluorescence Workshop, Karlsruhe 24



Fluorescence intensity vs. pressure

Results

P’ measurement®

1.2 71 Nagano et al: P' = 19.2 hPa
1 PW: P'=14.6 hPa
£0.9 -
5 i
2 _
© 0.6
_8 i 337 nm
A 0.3 1 air
O_O_ T T T TTTTT] T T T TTTTT] T T T TTTTT]
1 10 100 1000
P (hPa)
AIR P37 P’ 301
(hPa) (hPa)
Nagano 19.2 5.02
AIRFLY 15.9 2.94
Nagano corrected 14.6 3.3

Photons/m

o
—

0.4 71 Nagano etal: P' =5.0 hPa

PW: P’ = 3.3 hPa .

o
W

o
\V)

391 nm
air

-4

o
o

1 10 100 1000
P (hPa)

Discrepancies between Nagano
and AIRFLY are reduced
significantly when corrected
for this effect

*updated results in J. Rosado Ph.D. thesis (in press)
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Results

Fluorescence yield versus Energy

560

o : 1000 hPa cm
> E
% 540 3 | Y =constant for

y?O B53()§ ------------ E>1keV
ogso0dl 1T T + "
..g 510 - <01 Y dependence
i 500 - i is even smaller
l forY
490 . IMev | Or Y393
: 1keV 1MeV 0.1GeV 10GeV
E

Experimental tests show Y independent of E within < 5 %
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Results

Fluorescence yield versus PR

600

% 550

0 = 500
(dp)]

BT & 450
o

O 400
-

O 350

<0.1%

e o e o

10™ 10° 10 10° 10°
P R (hPa cm)

Y strongly dependent on PR in the vicinity of the electron track
(PR <100 hPa x 100 um)
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Results

Theoretical value of the air-fluorescence yield

1 . P, from AIRFLY*
Y = Y,;;, =| 6.3 ph/MeV 0
1+ P/ P, Y55, from our MC simulation

1013 hPa 293K

Uncertainties in our calculations:
Energy deposit = 2%
Fluorescence emission = 20 %
Fluorescence yield = 20 %

Average value of experimental results**

Y.,, =| 5.57 ph/MeV

* Astropart Phys. 28 (2007) 41

** talk of J. Rosado
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Conclusions

Fluorescence emission and energy deposition in air is reasonably
well understood.

Our simulation in agreement with GEANT4 (2%). Some
disagreement (< 5%) with EGS4-FLASH.

FY independent of E supported by theory at the level
of <1.5% (1MeV — 100 GeV).

Theoretical absolute FY in good agreement with experiments.
Systematic errors when the effect of secondaries is neglected.

Detailed simulations provide the necessary correction factors.
When applied, agreement between experiments improves:

-Energy deposition/absolute FY (see talk of J. Rosado)
- P’ values in €(P) measurements, e.g., Nagano vs AIRFLY
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