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A b st r a c t

H igh-energy  cosmic rays w ith  energies exceeding 1017 eV are freq uen tly  observed  by m easu rem en ts of th e  fluorescence 

light induced  by a ir showers. A m ajo r co n trib u tio n  to  th e  sy stem atic  u n ce rta in tie s  of th e  abso lu te  energy scale of 

such experim en ts is th e  insufficient knowledge of th e  fluorescence light yield of elec trons  in  air. T h e  aim  of th e  5 th  

F luorescence W orkshop was to  bring  to g e th e r experim en ta l an d  theo re tica l expertise  to  discuss th e  la tes t progress 

on  th e  investigations of th e  fluorescence light yield. T h e  resu lts  of th e  w orkshop will be review ed as well as th e  

p resen t s ta tu s  of know ledge in  th is  field. E m phasis is given to  th e  fluorescence light yield im p o rta n t for air shower 

observa tions  an d  its  dep enden ce  on  atm ospheric p aram eters , like pressu re , tem p era tu re , and  hum idity . T h e  effects of 

th e  la te s t re su lts  on th e  light observed  from  air showers will b e  discussed.

K ey  words: fluorescence yield, air showers 

PACS: 32.50.+d, 33.50.Dq, 87.64.kv, 96.50.sd

1. In troduction

T h e  E a r t h  is p e r m a n e n t ly  e x p o se d  to  a  v a s t  flux  

o f  p a r t ic le s  fro m  o u te r  sp ac e . M o s t o f  th e s e  p a r t i 

c les a re  fu lly  io n iz e d  a to m ic  n u c le i, c o v e rin g  a  la rg e  

ra n g e  in  e n e rg y  fro m  th e  M eV  re g im e  to  en e rg ie s  

ab o v e  1020 eV . In  1962 th e  f irs t  e v e n t w ith  a n  e n 

e rg y  ex c e e d in g  1020 eV  w as re c o rd e d  [1]. S u ch  cos 

m ic  ra y s  a re  th e  h ig h e s t-e n e rg y  p a r t ic le s  in  th e  U n i 

v e rse , c a r ry in g  th e  (m a c ro sc o p ic )  e n e rg y  o f  a b o u t  

50 J  c o n c e n tr a te d  o n  a  s in g le  n u c le u s . S in ce  th e i r  

f irs t  d isc o v e ry  m o re  t h a n  40  y e a rs  ag o  th e i r  o rig in  

h a s  b e e n  a n  o p e n  q u e s tio n . “H ow  d o  co sm ic  ac ce le r 

a to r s  w o rk  a n d  w h a t  a re  th e y  a c c e le ra tin g ? ” is  o n e  

o f  e lev en  sc ien ce  q u e s tio n s  fo r t h e  n ew  c e n tu r y  a sk e d  

b y  th e  N a tio n a l  R e s e a rc h  C o u n c il o f  th e  N a tio n a l  

A c a d e m ie s  o f  th e  U n ite d  S ta te s  [2], u n d e r lin in g  th e  

im p o r ta n c e  o f  th is  to p ic  to  a s t ro p a r t ic le  p h y s ics .

T h e  p ro p e r t ie s  o f  co sm ic  ra y s  a t  h ig h e s t  e n 

e rg ie s  a re  in v e s t ig a te d  w ith  v a r io u s  e x p e r im e n ts

[3] [4] [5] [6]. T h e  flu x  o f  co sm ic  ra y s  w ith  e n e rg ie s  ex 

c e e d in g  1020 eV  is b e lo w  1 p a r t ic le  p e r  s q u a re  k ilo 

m e te r  a n d  c e n tu ry . T h u s , a  re a s o n a b le  m e a s u re m e n t 

o f  th e s e  p a r t ic le s  re q u ire s  h u g e  d e te c to r s  o p e r a te d  

s ta b ly  o v er lo n g  p e r io d s  o f  t im e . A t p re s e n t,  th is  c a n  

b e  re a liz e d  o n ly  w ith  g ro u n d  b a s e d  e x p e r im e n ts , 

r e g is te r in g  th e  s e c o n d a ry  p a r t ic le s  g e n e ra te d  b y  

h ig h -e n e rg y  co sm ic  ra y s  in  th e  a tm o s p h e re .  W h e n  

a  h ig h -e n e rg y  co sm ic  r a y  e n te r s  th e  E a r t h ’s a tm o 

s p h e re  i t  in d u c e s  a  c a sc a d e  o f  s e c o n d a ry  p a r tic le s , 

a n  e x te n s iv e  a ir  sh o w er. B y  fa r  th e  m o s t a b u n d a n t  

p a r t ic le s  in  a ir  sh o w ers  a re  p h o to n s ,  e le c tro n s , a n d  

p o s itro n s ,  c o m p ris in g  th e  e le c tro m a g n e tic  sh o w er 

c o m p o n e n t. O n  th e i r  w a y  th r o u g h  th e  a tm o s p h e re  

th e  ( r e la t iv is t ic )  c h a rg e d  p a r t ic le s  e m it  C h e re n k o v  

r a d ia t io n  a n d  e x c ite  n i t ro g e n  m o lecu le s  to  e m it  flu 

o re scen c e  lig h t. A  s m a ll f r a c t io n  o f  th e  s e c o n d a ry
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p a r t ic le s  e v e n tu a lly  re a c h e s  th e  o b s e rv a tio n  level. 

O v e r t im e , s e v e ra l m e th o d s  to  m e a s u re  e x te n s iv e  a ir  

sh o w ers  h a v e  b e e n  e s ta b lis h e d . T h e y  c a n  b e  d iv id e d  

in to  tw o  g ro u p s : e x p e r im e n ts  m e a s u r in g  s e c o n d a ry  

p a r t ic le s  (e le c tro n s , m u o n s , a n d  h a d ro n s )  re a c h in g  

g ro u n d  level a n d  d e te c to r s  o b s e rv in g  th e  e m it te d  

C h e re n k o v  o r  flu o re scen c e  p h o to n s .  T h e  l a t t e r  a l 

low  fo r a  th re e -d im e n s io n a l  re c o n s t ru c t io n  o f  th e  

sh o w er p ro file  in  th e  a tm o s p h e re .

A  c r it ic a l  issu e  fo r a ll e x p e r im e n ts  is to  e s ta b lis h  

a n  a b s o lu te  e n e rg y  sca le  fo r th e  m e a s u re d  sh o w ers . 

F o r  e x p e r im e n ts  re g is te r in g  s e c o n d a ry  p a r t ic le s  a t  

g ro u n d  lev el th is  u s u a l ly  in v o lv es  th e  u s a g e  o f  s im 

u la t io n s  o f  th e  sh o w er d e v e lo p m e n t in  th e  a tm o 

sp h e re , th u s ,  in tro d u c in g  s y s te m a tic  u n c e r ta in t ie s  

d u e  to  o u r  l im ite d  k n o w led g e  o f  th e  h a d ro n ic  in te r 

a c tio n s  a t  s u c h  h ig h  en e rg ies .

O n  th e  o th e r  h a n d , flu o re scen c e  m e a s u re m e n ts  o f 

a i r  sh o w ers  p ro v id e  a  c a lo r im e tr ic  m e a s u re m e n t  o f 

th e  e n e rg y  d e p o s i te d  in  th e  a ir , b e in g  (n e a r ly )  in 

d e p e n d e n t  o f  a i r  sh o w er s im u la tio n s . T h e  d e p o s ite d  

e n e rg y  is a s s u m e d  to  b e  p ro p o r t io n a l  to  th e  e n 

e rg y  o f  th e  p r im a ry , sh o w er in d u c in g , p a r t ic le .  A t 

p re s e n t,  th is  is th e  m o s t d ire c t  a n d  m o d e l in d e 

p e n d e n t  m e th o d  to  d e te rm in e  th e  e n e rg y  o f  a n  a ir  

sh o w er. T h e  m a in  s y s te m a tic  u n c e r ta in ty  o f  th is  

m e th o d  a r ise s  f ro m  th e  in su ffic ie n t k n o w led g e  o f 

th e  flu o re scen c e  lig h t y ie ld  o f  e le c tro n s  in  a ir . H ow 

ev e r, th is  is a  q u a n t i ty  w h ich  c a n  b e  m e a s u re d  in  

la b o r a to r y  e x p e r im e n ts ,  in je c t in g  e le c tro n s  in to  a ir  

ta r g e ts .  R e sp o n s ib le  fo r th e  flu o re scen c e  em iss io n  

o f  th e  n i t ro g e n  m o lecu le s  is m a in ly  th e  e le c tro 

m a g n e t ic  sh o w er c o m p o n e n t. T h e  c r it ic a l  e n e rg y  o f 

e le c tro n s  in  a ir  is a b o u t  84 M eV , th u s ,  th e  b u lk  o f 

p a r t ic le s  h a s  e n e rg ie s  e a s ily  a c cess ib le  a t  a c c e le ra 

to r s ,  o r , a t  low er en e rg ie s , ev en  th r o u g h  r a d io a c tiv e  

^ -d e c a y s .

T h is  is th e  m a in  fo cu s  o f  th e  p re s e n t  a r tic le . I t  

g ives a n  o v e rv ie w  o n  th e  a c tu a l  s ta tu s  o f  th e  k n o w 

led g e  o f  th e  flu o re scen c e  lig h t y ie ld  o f  e le c tro n s  in  

a ir , im p o r ta n t  fo r a ir  sh o w er d e te c tio n . I t  s u m m a 

riz e s  th e  re s u lts  o f  th e  5 th  F lu o re sc e n c e  W o rk sh o p , 

w h ich  w as h e ld  in  E l E sc o r ia l,  S p a in  fro m  S e p te m 

b e r  1 6 th  to  2 0 th , 2007 . A fte r  a  s h o r t  o v e rv ie w  o n  

th e  p r in c ip le  o f  th e  d e te c t io n  o f  a ir  sh o w ers  u s in g  

flu o re scen c e  lig h t (S ec t. 2 .1 ), e x p e r im e n ts  a p p ly 

in g  th is  te c h n iq u e  to  re g is te r  c o sm ic -ra y  in d u c e d  

a ir  sh o w ers  a re  d e s c r ib e d  (S ec t. 2 .2 ). T h e  m a in  

p h y s ic a l p ro c e sse s  in v o lv ed  in  th e  p ro d u c tio n  o f 

flu o re scen c e  lig h t in  a i r  a r e  re v ie w e d  in  S ec t. 3. 

C o n te m p o ra r y  e x p e r im e n ta l  to o ls  a n d  th e o re t ic a l  

t r e a tm e n ts  a re  d isc u sse d  in  S ec t. 4. L a te s t  d a t a  a re

c o m p ile d  in  S ec t. 5, p a y in g  sp e c ia l a t t e n t io n  to  th e  

d e p e n d e n c e  o f th e  flu o re scen c e  lig h t  y ie ld  o n  a tm o 

sp h e r ic  p a r a m e te r s ,  s u c h  as  p re s su re , t e m p e r a tu r e ,  

a n d  h u m id ity . In  th e  fo llow ing  se c tio n  (S ec t. 6) th e  

in flu en c e  o f  th e  re s u lts  o b ta in e d  o n  th e  lig h t y ie ld  

in  a i r  sh o w ers  d e v e lo p in g  in  re a l is t ic  a tm o s p h e re s  is 

d isc u sse d . A n  o u tlo o k  d e s c r ib in g  th e  n e x t  s te p s  in  

d e te rm in in g  th e  flu o re scen c e  y ie ld  in  a i r  co n c lu d e s  

th e  a r tic le  (S ec t. 7). T h e  m o s t im p o r ta n t  p io n e e r 

in g  m e a s u re m e n ts  o f  th e  flu o re scen c e  lig h t y ie ld  a re  

s u m m a riz e d  in  a n  a c c o m p a n y in g  a r tic le  [7].

2. The fluorescence technique

2 .1 . P r in c ip l e  o f  a ir  s h o w e r  d e te c t io n  w i th  

f lu o r e s c e n c e  lig h t

A  h ig h -e n e rg y  co sm ic  r a y  e n te r in g  th e  a tm o s p h e re  

in d u c e s  a  c a sc a d e  o f  s e c o n d a ry  p a r tic le s .  O n e  w ay  

to  d e te rm in e  th e  e n e rg y  o f  th e  p r im a r y  p a r t ic le  is 

to  m e a s u re  th e  e n e rg y  d e p o s i te d  in  a n  a b s o r b e r  (i.e. 

th e  a tm o s p h e re ) ,  th is  is ca lle d  a  c a lo r im e tr ic  e n e rg y  

m e a s u re m e n t (e .g . [8]). I f  th e  sh o w er is  a b s o rb e d  

co m p le te ly , t h e  e n e rg y  o f  th e  p r im a r y  p a r t ic le  is 

id e n tic a l  to  th e  e n e rg y  d e p o s ite d . H o w ev er, in  a n  a ir  

sh o w er so m e  e n e rg y  is e sc a p in g  a  c a lo r im e tr ic  m e a 

s u re m e n t:  a  f r a c t io n  o f  s e c o n d a ry  p a r t ic le s  re a c h e s  

g ro u n d  level a n d  so m e  e n e rg y  is c a r r ie d  a w ay  b y  

“in v is ib le ” p a r t ic le s  su c h  as  n e u tr in o s .  L uck ily , c o r 

r e c t io n s  fo r th is  effec t a re  sm a ll  a n d  r a th e r  m o d e l 

in d e p e n d e n t ,  a s  w ill b e  d isc u s se d  be lo w . T h e  ca lo ri-  

m e tr ic  m e a s u re m e n t b y  m e a n s  o f  f lu o re scen c e  lig h t 

d e te c t io n  u ses  th e  fa c t t h a t  s e c o n d a ry  p a r t ic le s  in  

sh o w ers  (m o s tly  e le c tro n s  a n d  p o s i t ro n s )  d e p o s it  en 

e rg y  in  th e  a tm o s p h e re  b y  io n iz a tio n  o r  e x c ita t io n  o f 

a i r  m o lecu les . T h e  e x c ite d  n i t ro g e n  m o lecu le s  su b s e 

q u e n t ly  re la x  to  th e i r  g ro u n d  s t a t e  p a r t i a l ly  b y  th e  

e m iss io n  o f  flu o re scen c e  p h o to n s .  T h e  l ig h t  is e m it 

t e d  iso tro p ic a lly , w h ic h  im p lie s  t h a t  sh o w ers  c a n  b e  

v iew ed  fro m  th e  s ide , th u s ,  te le sc o p e s  c a n  o b se rv e  

la rg e  f id u c ia l v o lu m e s  o f  a ir . M o s t o f  th e  flu o re scen c e  

lig h t is e m i t te d  in  th e  n e a r  U V  re g io n  w ith  w av e 

le n g th s  b e tw e e n  a b o u t  300 a n d  400  n m . S im u la tio n  

s tu d ie s  sh o w  t h a t  m o s t o f  th e  e n e rg y  d e p o s i te d  in to  

th e  a tm o s p h e re  a r ise s  fro m  e le c tro n s  (a n d  p o s itro n s )  

w ith  e n e rg ie s  b e lo w  1 G e V  w ith  a  m a x im u m  a t  a b o u t  

30 M eV  [9]. I t  is  c o m m o n ly  a s su m e d  t h a t  th e  n u m 

b e r  o f  e m i t te d  flu o re scen c e  p h o to n s  is p r o p o r tio n a l  

to  th e  e n e rg y  d e p o s i te d  in  th e  a tm o s p h e re .

T h e  n u m b e r  o f  flu o re scen c e  p h o to n s  d N Y w h ich  

a re  g e n e ra te d  in  a  la y e r  o f  a tm o s p h e re  w ith  th ic k -

2



n ess  d X  re g is te re d  b y  a  flu o re scen c e  d e te c to r  c a n  

b e  e x p re s s e d  as  1

W ith  (1) th e  r e la t io n

d  N 7 

~ d X

d  2N °  

d X  dA
Ta tm (A ,X )  • e FD  (A) d A. (1)

£ FD d e n o te s  th e  effic iency  o f  th e  flu o re scen c e  d e 

t e c to r  a n d  r a tm  th e  tra n s m is s io n  o f  th e  a tm o s p h e re .  

T h e  l a t t e r  in c lu d e s  all t r a n s m is s io n  lo sses d u e  to  o p 

t ic a l  a b s o rp tio n , R a y le ig h  s c a tte r in g , a n d  M ie s c a t 

te r in g  fro m  th e  p o in t  o f  em iss io n  to  th e  d e te c to r .  

T h e  n u m b e r  o f  e m i t te d  flu o re scen c e  p h o to n s  d N °  

e m it te d  p e r  w a v e le n g th  in te rv a l  dA a n d  m a t t e r  t r a 

v e rse d  d X  is o b ta in e d  as

d  2N °  

d X  dA
ƒ  Y  (A, P , T , u , E )

d N e  (X  )

dE dep

d X

d E

d E .

(2)

T h e  e n e rg y  s p e c tr u m  o f  th e  e le c tro n s  (a n d  

p o s i t ro n s )  a t  a n  a tm o s p h e r ic  d e p th  X  is  g iv en  b y  

d N e ( X ) / d E  a n d  d E dep/  d X  d e sc r ib e s  th e  e n e rg y  

d e p o s i te d  in  a  la y e r  o f  a tm o s p h e re  w ith  th ic k n e ss  

d X . T h e  flu o re scen c e  lig h t y ie ld  Y  d e s c r ib e s  th e  

n u m b e r  o f  e m i t te d  p h o to n s  p e r  d e p o s i te d  e n e rg y  

(p h o to n s  p e r  M e V ) . F o r  a  c a lo r im e tr ic  m e a s u re m e n t 

w e a re  in te re s te d  in  th e  d e p o s i te d  en e rg y , th u s ,  th is  

d e f in i t io n  r e la te s  th e  s e a rc h e d  q u a n t i ty  d ire c t ly  to  

th e  o b se rv e d  a m o u n t  o f  lig h t. In  th e  l i te r a tu r e  Y  is 

f r e q u e n tly  g iv en  in  u n i ts  o f  p h o to n s  p e r  m e te r  (o r 

p h o to n s  p e r  u n i t  le n g th ) .  T h is  d e f in itio n  h a s  th e  

d is a d v a n ta g e  t h a t  th e  n u m b e r  o f  p h o to n s  e m it te d  

p e r  u n i t  le n g th  c h a n g e s  w ith  v a ry in g  a ir  d en s ity . I t  

is n o n - tr iv ia l  to  c o n v e r t th e  tw o  q u a n t i t ie s  in to  ea c h  

o th e r .  T h ro u g h o u t  th is  a r tic le  w e u se  th e  d e fin i 

t io n  o f  p h o to n s  p e r  d e p o s i te d  en e rg y , u n le s s  n o te d  

o th e rw ise .

T h e  flu o re scen c e  lig h t y ie ld  Y  a t  a  w a v e le n g th  A 

d e p e n d s  o n  th e  a tm o s p h e r ic  p re s s u re  P , th e  te m p e r 

a tu r e  T , th e  h u m id ity  u , a n d , in  p r in c ip le , a s  w ell 

o n  th e  e n e rg y  o f  th e  e le c tro n s  E .  I f  th e  lig h t y ie ld  is 

a s s u m e d  to  b e  e n e rg y  in d e p e n d e n t ,  i t  c a n  b e  ta k e n  

o u t  o f  th e  in te g ra l  y ie ld in g

d  2N ° d E ioi

y  (A, P , T ,  u ) ------ ^ (3)
d X  dA d X

T h e  t o t a l  e n e rg y  d e p o s i te d  in  a n  a tm o s p h e r ic  lay e r 

w ith  th ic k n e s s  d X  is w r i t t e n  as

r d N e ( X ) dEdepd  E ™  

d X d E d X
d E . (4)

1 In contrast to  later on, we use in this section the fluores

cence yield per unit wavelength interval.

dTV7

d X

d E Z

d X
ƒ  Y ( A ,P ,T ,u )  • T a tm (A ,  X ) (5) 

•£ fd (A )  dA

is o b ta in e d . I t  sh o w s t h a t  th e  n u m b e r  o f  flu o re scen c e  

p h o to n s  d e te c te d  is p ro p o r t io n a l  to  th e  e n e rg y  d e 

p o s i te d  in  th e  a tm o s p h e re .  I t  re m a in s  to  b e  sh o w n  

t h a t  th e  flu o re scen c e  y ie ld  is in d e e d  in d e p e n d e n t  o f 

th e  e le c tro n  en e rg y , see  S ec t. 4 .2 .2  below .

T o  c a lc u la te  th e  e n e rg y  o f  th e  p r im a r y  p a r t ic le  

fro m  th e  o b s e rv e d  flu o re scen c e  lig h t s t i l l  so m e  c o r 

r e c t io n s  a re  n ec essa ry . T h e  o b se rv e d  lig h t c o n ta in s  

a lso  a  c o n ta m in a t io n  o f  C h e re n k o v  lig h t, e i th e r  d i 

r e c t  l ig h t (m o s tly  e m it te d  in  fo rw a rd  d ire c tio n )  o r 

s c a t te r e d  lig h t. T h is  effec t h a s  to  b e  c o r re c te d  fo r o n  

a n  e v e n t- to -e v e n t  b a s is  [10]. I t  h a s  to  b e  ta k e n  in to  

a c c o u n t t h a t  th e  c a s c a d e  is  n o t  a b s o rb e d  c o m p le te ly  

in  th e  a tm o s p h e re  a n d  s e c o n d a ry  p a r t ic le s  re a c h  

g ro u n d  lev el ( lo n g itu d in a l  le ak a g e  o f  th e  c a lo r im e 

te r ) .  F u r th e rm o re ,  p a r t ic le s  w h ich  a re  n o t  d e te c te d  

(n e u tr in o s ,  h ig h -e n e rg y  m u o n s)  c a r r y  a w ay  energy . 

T h is  “in v is ib le ” e n e rg y  d e p e n d s  s l ig h tly  o n  th e  m a ss  

o f  th e  p r im a r y  p a r t ic le  a n d  th e  h a d ro n ic  in te ra c t io n  

m o d e l u s e d  to  d e s c r ib e  th e  sh o w er d e v e lo p m e n t in  

th e  a tm o s p h e re .  In v e s tig a tio n s  o f  th e  A u g e r  C o lla b 

o r a t io n  in d ic a te  t h a t  th e  c o r re c tio n  fa c to r  v a r ie s  b e 

tw e e n  1.07 a n d  1 .17  on ly , a s s u m in g  p r im a r y  p ro to n s  

o r  iro n  n u c le i a n d  a p p ly in g  d iffe re n t h a d ro n ic  in te r 

a c t io n  m o d e ls  [11].

F o r  i l lu s tr a t io n ,  w e d isc u ss  h e re  th e  s y s te m a tic  

u n c e r ta in t ie s  o f  th e  a b s o lu te  e n e rg y  sca le  o f  th e  

P ie r r e  A u g e r  O b s e r v a to ry  (a s  e v a lu a te d  b e fo re  th e  

5 th  F lu o re sc e n c e  W o rk sh o p )  [12]. T h e  flu o re scen c e  

te le sc o p e s  a re  e n d - to -e n d  c a l ib r a te d  u s in g  a  la rg e  

h o m o g e n e o u s  lig h t so u rc e  w h ich  leav es  a n  u n c e r 

t a in ty  o f  9 .5 % . U n c e r ta in t ie s  in  th e  sh o w er re c o n 

s t r u c t io n  c o n tr ib u te  w ith  10%  a n d  th e  c o r re c tio n  o f 

th e  in v is ib le  e n e rg y  a d d s  a n o th e r  4%  to  th e  e r ro r  

b u d g e t .  T h e  a tm o s p h e r ic  p ro file  ab o v e  th e  o b s e r 

v a to ry  is r e g u la r ly  m o n ito re d  [13]. H o w ev er, a n  

u n c e r ta in ty  o f  a b o u t  4%  fo r th e  e n e rg y  sca le  o f  a n  

in d iv id u a l  e v e n t re m a in s . In  a d d i t io n , u n c e r ta in t ie s  

r e la te d  to  th e  flu o re scen c e  y ie ld  h a v e  to  b e  ta k e n  

in to  a c c o u n t. T h e  d o m in a n t  c o n tr ib u t io n  is d u e  to  

th e  a b s o lu te  lig h t y ie ld  (14% ). T h e  d e p e n d e n c e  o n  

a tm o s p h e r ic  p a r a m e te r s  c o n tr ib u te s  w ith  7% . T h is  

re s u lts  in  a  t o t a l  s y s te m a tic  u n c e r ta in ty  o f  22% . 

V a lu es  fo r o th e r  e x p e r im e n ts  a re  s im ila r  a n d  co n 

f irm  t h a t  th e  b ig g e s t u n c e r ta in ty  fo r th e  a b s o lu te  

e n e rg y  sca le  is  th e  in su ffic ie n t k n o w led g e  o f  th e  flu-
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o re scen c e  y ie ld  Y (A ,p , T , u ) .  T o  re v ie w  th e  la te s t  

p ro g re s s  o n  th e  d e te r m in a t io n  o f  th is  v a lu e  is th e  

o b je c tiv e  o f  th e  p re s e n t  a r tic le .

2.2 . A i r  s h o w e r  e x p e r im e n t s  a p p ly in g  th e  

f lu o r e s c e n c e  te c h n iq u e

In  th e  fo llow ing , th e  p r in c ip le  s e t-u p s  o f  a ir  sh o w er 

d e te c to r s  a p p ly in g  th e  flu o re scen c e  te c h n iq u e  a re  

b rie f ly  sk e tc h e d . I l lu s tra t iv e ly , a  flu o re scen c e  d e te c 

t o r  fo r s u c h  a n  e x p e r im e n t  h a s  to  b e  a b le  to  o b se rv e  

a  100 W  lig h t b u lb  2 m o v in g  a t  th e  s p e e d  o f  lig h t 

t h r o u g h  th e  a tm o s p h e re  w a tc h e d  fro m  a  d is ta n c e  o f 

30 k m . T o  re a liz e  th is ,  la r g e - a p e r tu r e  te le sc o p e s  a re  

u s e d  to  fo cu s th e  lig h t o n  c a m e ra s  e q u ip p e d  w ith  

fa s t p h o to m u lt ip l ie r  tu b e s ,  s e n s itiv e  in  th e  n e a r  U V  

re g io n . 3 F i r s t  id e a s  to  u se  th e  E a r t h ’s a tm o s p h e re  

as  v a s t  s c in t i l la t io n  d e te c to r  w ere  d isc u sse d  in  th e  

e a r ly  1960s [14]. T h e  e a r ly  h is to r y  o f  e x p e r im e n ts  

a p p ly in g  th e  flu o re scen c e  te c h n iq u e  is s u m m a riz e d  

e lsew h ere  [15].

2 .2 .1 . I n i t i a l  e x p e r im e n ts

T h e  p ilo t  e x p e r im e n t  to  s tu d y  th e  fe a s ib ili ty  o f  d e 

te c t in g  a ir  sh o w ers  w ith  th e  flu o re scen c e  te c h n iq u e  

w as th e  “C o rn e ll  W id e  A n g le  S y s te m ” p ro p o s e d  a n d  

b u i l t  b y  K . G re ise n  a n d  co llea g u es  in  th e  1960s [16]. 

I t  c o n s is te d  o f  th r e e  d e te c to r  s ta t io n s  s e t  u p  in  th e  

v ic in ity  o f  th e  C o rn e ll  U n iv e rs ity  c a m p u s . E a c h  s t a 

t io n  c o m p ris e d  five p h o to m u lt ip l ie r  tu b e s  in  a  h e x a 

h e d ro n  a r r a n g e m e n t,  w ith  a  tu b e  p o in t in g  n o r th ,  

s o u th ,  e a s t,  w e st, a n d  u p w a rd , re sp e c tiv e ly . T h e  fo u r 

r a d ia l  tu b e s  w e re  t i l t e d  u p w a rd s  b y  30° . T h e  s y s te m  

w as o p e r a t io n a l  fo r a b o u t  1000 h o u rs . L ig h t fla sh es  

w ere  re c o rd e d , b u t  th e y  c o u ld  n o t  b e  a t t r i b u t e d  to  

a i r  sh o w ers  b e y o n d  d o u b t .

In  1967, a  fu ll sca le  flu o re scen c e  e x p e r im e n t  w as 

c o n s t ru c te d  b y  G re is e n ’s g ro u p . I t  c o m p ris e d  500 

p h o to m u lt ip l ie r  tu b e s ,  e a c h  c o r re s p o n d in g  to  a  p ix e l 

w ith  a  so lid  a n g le  o f  0.01 s r. T h e  p h o to m u lt ip l ie r s  

w e re  d iv id e d  in to  te n  m o d u le s , e a c h  o f  th e m  w as 

e q u ip p e d  w ith  a  0.1 m 2 F re sn e l lens. T h e  e x p e r im e n t 

w as o p e r a te d  fo r s e v e ra l y e a rs  b u t  w as n o t  se n s itiv e  

e n o u g h  to  d e te c t  h ig h -e n e rg y  co sm ic  ra y s .

S im ila r  a c t iv i t ie s  w ere  c o n d u c te d  b y  th e  T o k y o  

g ro u p  le a d in g  to  th e  IN S -T o k y o  e x p e r im e n t.  In  1969 

th e y  re c o rd e d  f irs t  c le a r  flu o re scen c e  l ig h t  s ig n a ls

2 The fluorescence light of a 1017 eV shower corresponds to 

a light bulb of about 100 W.

3 Recent results of air shower experiments applying the flu

orescence technique are summarized in e.g. [3][4][5][6].

fro m  a n  e x te n s iv e  a ir  sh o w er w ith  a n  e n e rg y  e x c eed 

in g  5 • 1 0 18 eV  [17].

2 .2 .2 . T h e  F l y ’s E y e  e x p e r im e n t

In  1976 p h y s ic is ts  fro m  th e  U n iv e r s ity  o f  U ta h  d e 

t e c te d  flu o re scen c e  lig h t fro m  c o sm ic -ra y  a ir  sh o w 

e rs . T h re e  p r o to ty p e  m o d u le s  w e re  u s e d  a t  th e  s ite  

o f  th e  V o lcan o  R a n c h  a ir  sh o w er a r r a y  n e a r  A lb u 

q u e rq u e , N ew  M ex ico . E a c h  m o d u le  c o m p ris e d  a

1.8 m  d ia m e te r  m ir ro r  fo r l ig h t c o lle c tio n  w ith  a  

c a m e ra  c o n s is tin g  o f  14 p h o to m u lt ip l ie r  tu b e s  a t  th e  

fo ca l p la n e . F lu o re sc e n c e  lig h t w as re c o rd e d  in  co in 

c id en c e  w ith  a n  a ir  sh o w er a r ra y . T h e s e  p ro to ty p e s  

led  e v e n tu a lly  to  th e  d e v e lo p m e n t o f  th e  F ly ’s E y e  

d e te c to r .

T h e  F ly ’s E y e  o b s e rv a to ry  [18] c o n s is te d  o f  tw o  

s ta t io n s ,  s e p a r a te d  b y  3 .3  k m . T h e  f irs t  o n e  ( F ly ’s 

E y e  1) c o m p ris e d  67  fro n t a lu m in iz e d  sp h e r ic a l  sec 

t io n  m ir ro rs ,  w ith  a  d ia m e te r  o f  157 cm . W in s to n  

lig h t c o lle c to rs  a n d  p h o to m u lt ip l ie r s  w ere  h e x a g o 

n a l ly  p a c k e d  in  g ro u p s  o f  e i th e r  12 o r  14 lig h t sen s 

in g  u n i ts ,  o r  “ey e s” m o u n te d  in  th e  fo ca l p la n e  o f 

e a c h  m ir ro r .  T h e  p h o to m u lt ip l ie r s  (E M I 9861B ) h a d  

a  fa ir ly  u n ifo rm  q u a n tu m  effic iency  o v e r th e  sp e c 

t r a l  ra n g e  fro m  310  to  440 n m . A  m o to r iz e d  s h u t te r  

s y s te m  k e p t  th e  “ey es” b o th  lig h t t ig h t  a n d  w e a th e r  

p ro o f  d u r in g  th e  d a y  a n d  p e r m i t te d  e x p o s u re  to  th e  

sk y  a t  n ig h t .  E a c h  m ir ro r  u n i t  w as h o u s e d  in  a  s in 

g le, m o to r iz e d  c o r ru g a te d  s te e l p ip e  a b o u t  2 .13  m  

lo n g  a n d  2 .44  m  in  d ia m e te r .  T h e  u n i ts  w e re  tu r n e d  

d o w n  w ith  m ir ro r  a n d  o p e n  e n d  fa c in g  th e  g ro u n d  

d u r in g  th e  d a y  a n d  tu r n e d  u p  a t  n ig h t  to  a  p re d e 

te rm in e d  p o s i t io n  so  t h a t  e a c h  “ey e” o b s e rv e d  a n  

a n g u la r  re g io n  o f  th e  sky. In  to ta l ,  880 “ey e s” w ere  

o b s e rv in g  th e  c o m p le te  u p p e r  h e m isp h e re . T h e  p ro 

j e c t io n  o f  e a c h  h e x a g o n a l  “ey e” o n to  th e  c e le s tia l  

s p h e re  re se m b le s  th e  c o m p o u n d  “ey e” o f  a n  in se c t, 

h en c e , th e  n a m e  F ly ’s E y e . T h e  se c o n d  te le sc o p e  

( F ly ’s E y e  II )  w as a  sm a lle r  a r r a y  o f  id e n tic a l  u n its , 

w ith  120 “ey es” in  to ta l ,  o b s e rv in g  ro u g h ly  o n e  az 

im u th a l  q u a d r a n t  o f  th e  n ig h t  sk y  w ith  e le v a tio n  

an g le s  ra n g in g  b e tw e e n  2° a n d  38° ab o v e  th e  h o r i 

zo n . W h e n e v e r  th e  f irs t  te le sc o p e  re c o rd e d  a n  e v e n t, 

i t  s e n t  a n  in f ra re d  f la sh  o f  l ig h t to w a rd s  th e  sec o n d  

te le sc o p e , w h ich  re c o rd e d  p u lse  in te g ra ls  a n d  a r r iv a l  

t im e s . T h e  sh o w er t r a c k  g e o m e try  w as r e c o n s tru c te d  

e i th e r  fro m  h i t  p a t t e r n s  a n d  t im in g  in fo rm a tio n  b y  a  

s in g le  F ly ’s E y e  d e te c to r  o r  b y  s te re o sc o p ic  v iew in g  

a n d  r e la t iv e  t im in g  b y  b o th  F ly ’s E y es. T h e  e x p e r i 

m e n t  h a s  b e e n  o p e r a te d  b e tw e e n  1981 a n d  1993. F o r 

th e  f irs t  t im e  th e  f lu o re scen ce  te c h n iq u e  h a s  b e e n
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a p p lie d  su c c e ss fu lly  to  e x p lo re  th e  p ro p e r t ie s  o f  u l 

t r a  h ig h -e n e rg y  co sm ic  ra y s  o n  a  la rg e  sca le .

2 .2 .3 . T h e  H iR e s  e x p e r im e n t

T h e  H ig h  R e s o lu tio n  F ly ’s E y e  e x p e r im e n t 

(H iR es) w as lo c a te d  in  U ta h ,  U S A  (40° N , 112° W ) 

[19]. I t  w as th e  su cc esso r o f  th e  F ly ’s E y e  e x p e r i 

m e n t. H iR es  c o n s is te d  o f  tw o  d e te c to r  s i te s  (H ire s  I 

&  II)  s e p a r a te d  b y  12.6 k m , p ro v id in g  a lm o s t 360° 

a z im u th a l  co v e rag e , e a ch . B o th  te le sc o p e s  w ere  

fo rm e d  b y  a n  a r r a y  o f  d e te c to r  u n i ts .  T h e  m ir ro rs  

c o n s is te d  o f  fo u r s e g m e n ts  a n d  fo rm e d  a  5.1 m 2 

s p h e r ic a l  m ir ro r .  A t i t s  fo ca l p la n e  a n  a r r a y  o f 

16 x  16 p h o to m u lt ip l ie r  tu b e s  w as s i tu a te d ,  v iew in g  

a  so lid  a n g le  o f  16° x  16°. H iR es  I c o n s is te d  o f  22 

d e te c to rs ,  a r r a n g e d  in  a  s in g le  r in g , o v e r lo o k in g  b e 

tw e e n  3 ° a n d  17° in  e le v a tio n . T h is  d e te c to r  u s e d  a n  

in te g ra t in g  A D C  re a d -o u t  s y s te m , w h ich  re c o rd e d  

th e  p h o to m u lt ip l ie r  t u b e s ’ p u lse  h e ig h t a n d  t im e  

in fo rm a tio n .  H iR e s  I I  c o m p ris e d  42 d e te c to rs ,  se t 

u p  in  tw o  rin g s , lo o k in g  b e tw e e n  3° a n d  3 1 ° in  ele 

v a tio n . I t  w as e q u ip p e d  w ith  a  10 M H z fla sh  A D C  

sy s te m , re c o rd in g  p u lse  h e ig h t  a n d  t im in g  in fo rm a 

t io n  fro m  i ts  p h o to tu b e s .  T h e  e x p e r im e n t  h a s  b e e n  

o p e r a te d  b e tw e e n  1997 a n d  2007.

2 .2 .4 . T e le sc o p e  A r r a y

T h e  T e le sc o p e  A r r a y  is a n  a ir  sh o w er e x p e r im e n t 

in  th e  W e s t D e se r t  o f  U ta h  (U S A ), 140 m ile s  s o u th  

o f  S a lt  L ak e  C i ty  (39.3° N , 112 .9° W ) [20]. I t  co m 

p r is e s  576 s c in t i l la to r  s ta t io n s  a n d  th re e  flu o re scen c e  

d e te c to r  s i te s  o n  a  t r ia n g le  w ith  a b o u t  35 k m  s e p a ra 

t io n .  E a c h  flu o re scen c e  d e te c to r  s ta t io n  is  e q u ip p e d  

w ith  12 to  14 te le sc o p e s , v iew in g  3° — 33° in  ele 

v a t io n  a n d  «  108° in  a z im u th  [21]. T h e  te le sc o p e s  

h a v e  a  s e g m e n te d  s p h e r ic a l  m ir ro r  w ith  a  d ia m e te r  

o f  3 .3  m  a n d  a  fo ca l le n g th  o f  3 .0  m . E a c h  te le sc o p e  

h a s  a  c a m e ra  c o m p ris in g  256 p h o to m u lt ip l ie r  tu b e s  

(H a m a m a ts u  R 9 5 0 8 ), c o r re s p o n d in g  to  a  p ix e l size  

o f  a b o u t  1° ea ch . T h e  se n s itiv e  a r e a  o f  a  c a m e ra  is 

1 m x  1 m , w h ic h  c o r re s p o n d s  to  a  fie ld  o f  v iew  o f  15° 

in  e le v a tio n  a n d  18° in  a z im u th . T h e  p h o to m u lt ip l i 

e rs  a re  r e a d  o u t  b y  a  F A D C  s y s te m . T h e  e x p e r im e n t 

h a s  b e e n  ta k in g  d a t a  s in ce  2007.

2 .2 .5 . T h e  P ie r r e  A u g e r  O b s e r v a to r y

T h e  o b s e r v a to ry  co m b in e s  th e  o b s e rv a tio n  o f 

flu o re scen c e  lig h t w ith  im a g in g  te le sc o p e s  a n d  th e  

m e a s u re m e n t o f  p a r t ic le s  re a c h in g  g ro u n d  level in  

a  “h y b r id  a p p r o a c h ” [22]. T h e  s o u th e rn  s i te  (n e a r  

M a la rg ü e , A rg e n tin a , 35 .2° S, 69.5° W , 1400 m

ab o v e  se a  level) o f  th e  w o rld s  la rg e s t  a i r  sh o w er d e 

t e c to r  c o n s is ts  o f  1600 w a te r  C h e re n k o v  d e te c to rs  

s e t  u p  in  a n  a r e a  c o v e rin g  3000 k m 2. F o u r  te le sc o p e  

s y s te m s  o v e r lo o k  th e  su rfa c e  a rra y . A  s in g le  te le 

s co p e  s y s te m  c o m p rise s  s ix  te le sc o p e s , o v e r lo o k in g  

s e p a r a te  v o lu m e s  o f  a ir . E a c h  te le sc o p e  is s i tu a te d  

in  a  bay , p r o te c te d  b y  a  r e m o te ly  o p e r a te d  s h u t te r .  

L ig h t  e n te r s  th e  b a y  th r o u g h  a n  U V  t r a n s m i t t in g  

f il te r  a n d  a  r in g  o f  c o r re c to r  len ses . A  c irc u la r  d i 

a p h r a g m  (2 .2  m  d ia m e te r ) ,  p o s i t io n e d  a t  th e  c e n te r  

o f  c u r v a tu re  o f  a  sp h e r ic a l  m ir ro r ,  d e fin es  th e  a p e r 

t u r e  o f  th e  S c h m id t o p t ic a l  s y s te m . A  3.5  m  x  3.5  m  

s p h e r ic a l  m ir ro r  fo cu ses  th e  l ig h t o n to  a  c a m e ra  

w ith  a n  a r r a y  o f  22 x  20 h e x a g o n a l  p ix e ls . E a c h  p ix e l 

is  a  p h o to m u lt ip l ie r  tu b e ,  c o m p le m e n te d  b y  lig h t 

c o lle c to rs . E a c h  c a m e ra  p ix e l h a s  a  fie ld  o f  v iew  

o f  a p p r o x im a te ly  1 .5 ° in  d ia m e te r .  A  c a m e ra  o v e r 

lo o k s  a  t o t a l  fie ld  o f  v iew  o f  30° a z im u th  x  28.6° 

e le v a tio n . T h e  p h o to m u lt ip l ie r  s ig n a ls  a r e  r e a d  o u t  

b y  F A D C  sy s te m s . T h e  o b s e rv a to ry  h a s  b e e n  co m 

p le te d  in  2008 a n d  h a s  b e e n  ta k in g  d a t a  s ta b ly  w ith  

a  g ro w in g  n u m b e r  o f  d e te c to r  s ta t io n s  s in ce  2004.

P re s e n t ly  (2 008), th e  P ie r r e  A u g e r  C o lla b o ra t io n  

is  e x te n d in g  th e  o b s e r v a to ry  to  low er en e rg ie s . F o r 

th is  o b je c tiv e  a d d i t io n a l  h ig h -e le v a tio n  te le sc o p e s  

(H E A T , H ig h  E le v a tio n  A u g e r  T e le sco p es) a re  b e in g  

b u i l t ,  c o v e rin g  a n  a n g u la r  ra n g e  fro m  3 0 ° to  6 0 ° in  

e le v a tio n  [23]. T h e s e  te le sc o p e s  w ill b e  o p e r a te d  w ith  

a n  a d d i t io n a l  in fill a r r a y  o f  su rfa c e  d e te c to r s  co m 

b in e d  w ith  u n d e r g ro u n d  m u o n  c o u n te r s  (A M IG A , 

A u g e r  M u o n s  a n d  In fill fo r th e  G ro u n d  A rra y )  [24] 

a n d  a n te n n a e  to  d e te c t  r a d io  e m iss io n  fro m  a ir  sh o w 

e rs  [25]. T o  c o m p le te  a n d  e x te n d  th e  in v e s t ig a tio n s  

b e g u n  in  th e  S o u th , th e  P ie r r e  A u g e r C o lla b o ra 

t io n  p re s e n t ly  p re p a re s  a n  o b s e rv a to ry  in  th e  n o r th 

e rn  h e m is p h e re  in  C o lo ra d o , U S A  [26]. T h e  s e t-u p  

w ill, s im ila r ly  to  th e  s o u th e r n  s ite , c o m p rise  w a te r  

C h e re n k o v  d e te c to r s  a n d  flu o re scen c e  te le sc o p e  sy s 

te m s .

2 .2 .6 . A S H R A  

T h e  A ll-sk y  S u rv e y  H ig h  R e s o lu tio n  A ir-sh o w er 

te le sc o p e  (A S H R A ) is a  p ro p o s e d  d e te c to r  s y s te m  to  

s im u lta n e o u s ly  m e a s u re  C h e re n k o v  a n d  flu o re scen c e  

lig h t o n  th e  e n t i re  sk y  w ith  1 a rc  m in  re s o lu t io n  [27]. 

I t  is  p la n n e d  to  in s ta l l  tw o  s ta t io n s  a t  a  d is ta n c e  o f 

a b o u t  30 to  40 k m  o n  a n  is la n d  in  H aw aii. A  s ta t io n  

c o m p rise s  12 w id e -a n g le  te le sc o p e s . E a c h  te le sc o p e  

h a s  a  fie ld  o f  v iew  o f  50° x  50° , r e a d  o u t  b y  C M O S  

se n so r  a r ra y s .
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2 .2 .7 . J E M -E U S O

J E M -E U S O  is a  p ro p o s e d  su p e r -w id e  fie ld  U V  

te le sc o p e  to  d e te c t  u l t r a  h ig h -e n e rg y  co sm ic  ra y s  

w ith  en e rg ie s  a b o v e  1020 eV  [28]. I t  w ill b e  a t ta c h e d  

to  th e  In te r n a t io n a l  S p ace  S ta t io n  (ISS ) a n d  w ill 

o b se rv e  flu o re scen c e  p h o to n s  e m it te d  b y  a ir  sh o w 

e rs  f ro m  a n  o rb i t  o f  a b o u t  430  k m  a l t i tu d e .  T h e  

th r e e  d im e n s io n a l  d e v e lo p m e n t o f  th e  sh o w er is  re 

c o n s t ru c te d  fro m  a  se rie s  o f  im a g e s  o f  th e  sh o w er. 

T h e  s p a t ia l  r e s o lu tio n  is a b o u t  0 .7 5  x  0 .7 5  k m 2 . A  

d o u b le  F re sn e l len s  m o d u le  w ith  2 .5  m  d ia m e te r  is 

th e  b a se lin e  o p tic s  fo r th e  J E M -E U S O  te le sc o p e . 

T h e  fo ca l su rfa c e  is  e q u ip p e d  w ith  a b o u t  6000  m u lti 

a n o d e  p h o to m u lt ip l ie r s .  T h e  la u n c h  is  p la n n e d  fo r 

2012.

3. Physical processes involved in the  

generation  o f air-fluorescence light

E le c tro n s  p a s s in g  th r o u g h  th e  a tm o s p h e re  d e 

p o s i t  e n e rg y  d u e  to  in e la s t ic  co llis io n s  w ith  a ir  

m o lecu les . A  sm a ll f r a c t io n  o f  th e m  g ive  r ise  to  

th e  p ro d u c t io n  o f  th e  flu o re scen c e  lig h t o b se rv e d  

in  th e  s p e c tr a l  ra n g e  o f  in te re s t  (290  — 43 0  n m ). 

T h is  a ir- f lu o re sc e n c e  lig h t is p ro d u c e d  b y  n it ro g e n  

m o lecu les .

In  th is  s e c tio n  th e  m a in  fe a tu re s  o f  th e  e x c ita t io n  

a n d  d e -e x c i ta t io n  o f  N 2 m o lecu le s  w ill b e  re v ie w ed  

(S ec t. 3 .1 ). F lu o re s c e n c e  q u e n c h in g  in c lu d in g  th e  

h u m id ity  effec t w ill a lso  b e  d isc u s se d  (S ec t. 3 .2 ). 

F in a lly , th e  d e f in i t io n  o f  th e  v a r io u s  p a r a m e te r s  a s 

s o c ia te d  w ith  th e  flu o re scen c e  y ie ld  a s  u s e d  in  th e  

l i te r a tu r e  w ill b e  p re s e n te d  (S ec t. 3 .3 ).

3.1 . E le c tr o n  e x c i ta t i o n  a n d  r a d ia t iv e  d e - e x c i t a t i o n

A  sch em e o f  th e  m o le c u la r  levels  o f  N 2 a n d  N +  is 

sh o w n  in  F ig . 1. A s is w ell k n o w n  fro m  e le m e n ta ry  

m o le c u la r  p h y s ic s , e a ch  e le c tro n ic  s t a t e  is  s p li t  in  v i 

b r a t io n a l  levels  v. In  a d d i t io n ,  e a c h  v ib ra t io n a l  lev el 

is s p l i t  in  ro ta t io n a l  su b -lev e ls  fo llow ing  a  c o m p li 

c a te d  s t r u c tu r e .  E le c tr o n  co llis io n  e x c ite s  m o le c u la r  

n i t ro g e n  in  th e  g ro u n d  s t a t e  to  u p p e r  levels . D o w n  

g o in g  a r ro w s  in  F ig . 1 r e p re s e n t  th e  d e -e x c i ta t io n  

p ro c e s se s  g iv in g  r ise  to  flu o re scen c e  ra d ia t io n .  A l 

th o u g h  t r a n s i t io n s  ta k e  p la c e  b e tw e e n  in d iv id u a l  ro 

t a t io n a l  levels  o f  th e  u p p e r  a n d  low er s ta te s ,  th e  

c o r re s p o n d in g  ro ta t io n a l  s t r u c tu r e  o f  th e  m o le c u la r  

s p e c tr u m  is  n o t  re so lv e d  in  o u r  e x p e r im e n ts .  U n d e r  

m o d e ra te  s p e c tr a l  re s o lu tio n , t r a n s i t io n s  b e tw e e n  

v ib ra t io n a l  levels  g ive  r ise  to  m o le c u la r  b a n d s  v — v '

150,000

Î
0  lO OjOO O 

uS

5 0 ,0 0 0

O

Fig. 1. Molecular levels of N 2 and N+. Broad arrows repre 

sent the main transitions (1N and 2P systems) [16].

w ith  a  s p e c tr a l  w id th  a n d  s h a p e  d e te r m in e d  b y  th e  

ro ta t io n a l  s t r u c t u r e 4 . T h e  se t o f  b a n d s  c o n n e c tin g  

a  g iv en  p a i r  o f  e le c tro n ic  s ta te s  is  n a m e d  a  b a n d  sy s 

te m .

In  o u r  s p e c tr a l  ra n g e , n i t ro g e n  flu o re scen c e  co m es 

b a s ic a lly  fro m  th e  S eco n d  P o s it iv e  s y s te m  C 3n u ^  

B 3n g o f  N 2 a n d  th e  F i r s t  N e g a tiv e  s y s te m  B 2! +  ^  

X 2! +  o f  N +  (see F ig . 1) w h ich  in  th e  a ir- f lu o re sc e n c e  

c o m m u n ity  a re  u s u a lly  d e n o te d  as  2 P  a n d  1N sy s 

te m s , re sp e c tiv e ly . N o tic e  t h a t  w h ile  th e  2 P  s y s te m  

is g e n e ra te d  a f te r  th e  N 2 X 1^  ^  C 3n u e x c ita t io n , 

1N flu o re scen c e  ta k e s  p la c e  as  a  c o n se q u e n c e  o f  th e  

X 1! ^  ^  (N +  )B 2! +  m o le c u la r  io n iz a tio n , le a v in g  

th e  n i t ro g e n  io n  in  a  sp ec ific  e x c ite d  s ta te .  T h e  w av e 

le n g th s  o f  th e  m o le c u la r  b a n d s  o f  n i t ro g e n  a re  w ell 

k n o w n  (see fo r in s ta n c e  [30]).

A p a r t  fro m  th e  1N a n d  2 P  s y s te m s  th e  w e ak  b a n d s  

o f  th e  N 2 G a y d o n -H e rm a n  s y s te m  (G H ) h a v e  b e e n  

o b se rv e d  in  th e  a ir- f lu o re sc e n c e  s p e c tr u m  [31][29].

A  s p e c tr u m  ty p ic a l ly  o b se rv e d  a t  h ig h  p re s su re  

b e tw e e n  280  a n d  430 n m  fo r a i r  is  d e p ic te d  in  F ig . 2

[32]. T h e  la b e ls  m a rk  21 m a jo r  t r a n s i t io n s .  A ll 

im p o r ta n t  t r a n s i t io n s  a n d  th e  c o r re s p o n d in g  w ave-

4 See e.g. [29] for some illustrative examples.
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Fig. 2. Air fluorescence spectrum excited by 3 MeV electrons 

at 800 hPa as measured by the AIRFLY Collaboration [32].

Table 1

Transitions and corresponding wavelengths of the air-

fluorescence spectrum [32].

transition A(nm) transition A(nm)

2P(3,1) 296.2 GH(0,5) 366.1

2P(2,0) 297.7 2P(3,5) 367.2

GH(6,2) 302.0 2P(2,4) 371.1

GH(5,2) 308.0 2P(1,3) 375.6

2P(3,2) 311.7 2P(0,2) 380.5

2P(2,1) 313.6 2P(4,7) 385.8

2P(1,0) 315.9 GH(0,6) 387.7

GH(6,3) 317.6 1N(1,1) 388.5

2P(4,4) 326.8 1N(0,0) 391.4

2P(3,3) 328.5 2P(2,5) 394.3

2P(2,2) 330.9 2P(1,4) 399.8

2P(1,1) 333.9 2P(0,3) 405.0

2P(0,0) 337.1 2P(3,7) 414.1

GH(0,4) 346.3 2P(2,6) 420.0

2P(2,3) 350.0 1N(1,2) 423.6

2P(1,2) 353.7 2P(1,5) 427.0

2P(0,1) 357.7 1N(0,1) 427.8

le n g th s  b e tw e e n  290 a n d  430 n m  a re  c o m p ile d  in  

T a b . 1.

T h e  cro ss  s e c tio n  fo r e x c ita t io n  of th e  u p p e r  e lec 

t r o n ic  lev els of b o th  s y s te m s  as  a  fu n c tio n  of e lec 

t r o n  e n e rg y  is d isp la y e d  in  F ig . 3. T h e  c u rv e  fo r th e  

2 P  s y s te m  sh ow s a  s h a r p  m a x im u m  a t  a b o u t  15 eV  

fo llow ed  b y  a  fa s t E - 2  d e c re a se , as  e x p e c te d  fro m  

th e  o p tic a l ly  fo rb id d e n  n a tu r e  of th is  t r a n s i t io n .  O n  

th e  c o n tra ry , th e  e x c ita t io n  c ro ss  s e c tio n  fo r th e  1N 

s y s te m  sh ow s a  m u c h  so f te r  m a x im u m  a t  a b o u t  100

Fig. 3. Total cross sections for the excitation of the electronic 

states C3n u and B2 X+ versus electron energy [34].

eV  fo llow ed  b y  a  m u c h  s low er (log  E ) / E  d e c re a se  

w h ich  b ec o m e s  a  so ft g ro w in g  b e h a v io r  a t  re la tiv is -  

t ic  en e rg ie s  [33][34].

F o r  a  g iv en  e le c tro n ic  s t a t e  th e  c ro ss  s e c tio n  fo r 

th e  e x c ita t io n  to  a  v ib ra t io n a l  lev el v is p ro p o r t io n a l  

to  th e  F ra n c k -C o n d o n  fa c to r  qX ^ v , d e fin e d  as th e  

o v e r la p p in g  in te g ra ls  b e tw e e n  th e  v ib ra t io n a l  w ave  

fu n c tio n s  o f  th e  low er a n d  u p p e r  lev els o f  th e  e x c ita 

t io n  p ro c ess . T h e  E in s te in  co effic ien ts  A vv/ g ive  th e  

p ro b a b il i ty  p e r  u n i t  t im e  o f  r a d ia t iv e  d e -e x c i ta t io n  

v — v '.  T h e re fo re , th e  p ro b a b il i ty  o f  em iss io n  o f  a  

flu o re scen c e  v — v ' p h o to n  b y  e le c tro n  im p a c t  is p ro 

p o r t io n a l  to  th e  o p t ic a l  c ro ss  s e c tio n  d e fin e d  as

A , ,^VV 1—■koioi /  r ^ \

(6)O vv ' -- Ov
Av

vv
— Ov B

a n d  th e re fo re , in  th e  a b se n c e  o f  o th e r  effec ts , th e  

re la t iv e  in te n s i ty  o f  a  m o le c u la r  b a n d  w ith  r e s p e c t  to  

a  re fe re n c e  t r a n s i t io n  (e .g . 0-0) o f  th e  sa m e  sy s te m  

is g iv en  b y

I 0 ,
vv '

T°^00

O vv' 

O00

q x  - B  v

q x — 0  B 00
(7)

T a b u la te d  v a lu es  fo r b o th  p a r a m e te r s  qX ^ v a n d  

A vv/ a re  a v a ila b le  in  th e  l i te r a tu r e  [35] [36]. T h e  re l 

a t iv e  in te n s i tie s  b e tw e e n  b a n d s  o f  d iffe re n t s y s te m s  

c a n  a lso  b e  p re d ic te d  u s in g  th e  re la t iv e  v a lu es  o f  th e  

c o r re s p o n d in g  e x c ita t io n  c ro ss  se c tio n s . T ra n s it io n  

p ro b a b il i t ie s  d e te rm in e  th e  r a d ia t iv e  life tim e  t r  o f 

t h e  e x c ite d  level

1
— A v — 'y  ] A v (8)

N o tic e  t h a t ,  as  sh o w n  b e low , in  a  l a b o r a to r y  ex 

p e r im e n t  b o th  re la t iv e  in te n s i tie s  (7) a n d  life tim e

r
v
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(8) h a v e  to  b e  c o r re c te d  b y  th e  effec t o f  co llis io n a l 

q u e n c h in g .

3.2 . F lu o r e s c e n c e  q u e n c h in g

A t h ig h  p re s su re , m o le c u la r  d e -e x c i ta t io n  b y  co l 

lis io n  w ith  o th e r  m o lecu le s  o f  th e  m e d iu m  p la y s  a n  

im p o r ta n t  ro le  (c o llis io n a l q u e n c h in g ) . A t a  g iv en  

te m p e r a tu r e ,  th e  c o r re s p o n d in g  t r a n s i t io n  p ro b a b il 

i ty  Av is  p ro p o r t io n a l  to  th e  co llis io n  fre q u e n c y  a n d , 

th u s ,  to  th e  g a s  p re s s u re  P . T h e  c h a ra c te r is t ic  p re s 

s u re  Pv is  d e f in e d  as  th e  o n e  fo r w h ich  th e  p ro b a b il 

i ty  o f  co llis io n a l q u e n c h in g  e q u a ls  t h a t  o f  ra d ia t iv e  

d e -e x c i ta t io n  Av (P v ) =  A v ,

P
A CV{ P ) = A V- . (9)

T h u s , th e  flu o re scen c e  in te n s i ty  in  th e  a b se n c e  o f 

q u e n c h in g  /0 V, is  re d u c e d  b y  th e  S te rn -V o lm e r fa c to r  
[37] vv

P v ' ( P ) 1° , - - - - - - -
1 +  P / P i

(10)

F ro m  (7) a n d  (10 ) th e  r e la t iv e  in te n s itie s  o f  m o lec 

u la r  b a n d s  a t  h ig h  p re s s u re  ( P  ^  P ')  b e c o m e  5

I vv'

I n

qx ^ v  B vv P'v

J00 (11)
7 0 0  q x ^ 0  u™  P 0

C o llis io n a l q u e n c h in g  e n la rg e s  th e  t o t a l  t r a n s i t io n  

p ro b a b i l i ty  a n d , th e re fo re , th e  life tim e  o f  th e  p o p u 

l a t io n  o f  e x c ite d  m o lecu le s  t v is s h o r te n e d  as  co m 

p a r e d  w ith  th e  r a d ia t iv e  o n e  as

1  ̂  ̂ (12 )
1 1

v

w ith  — 1 /A v . A s a  re s u lt ,  th e  effec tiv e  life tim e  

d e c re a se s  w ith  p re s su re  as

1 1 P  

=  - ' 1 +  Kr ,(P) r ;  V ' P J  (13)

B o th  t v  a n d  PV c a n  b e  m e a s u re d  in  a  p lo t  o f  re c ip 

ro c a l  life tim e  v e rsu s  p re s s u re  (S te rn -V o lm e r p lo t) .  

T h is  is  a  v e ry  w ell e s ta b l is h e d  te c h n iq u e  in  u se  s ince  

m a n y  y e a rs  fo r th e  e x p e r im e n ta l  d e te r m in a t io n  o f 

r a d ia t iv e  life tim e s  a n d  q u e n c h in g  c ro ss  se c tio n s . In  

p r in c ip le , a  m e a s u re  o f  th e  f lu o re scen c e  in te n s i ty  v e r 

s u s  p re s s u re  (10 ) a lso  p ro v id e s  a  d e te r m in a t io n  o f 

PV. H ow ever, a s  d isc u sse d  in  d e ta i l  la te r ,  in  a  la b o 

r a to r y  e x p e r im e n t  th e  ab o v e  r e la t io n s h ip  m ig h t b e

5 Experimental confirmation of a collisional mechanism pop

ulating vibrational levels of the C3n u state which might in 

duce an additional pressure dependence of the 2P relative 

intensities has been shown in [38][39].

d i s to r te d  b e c a u s e  o f  th e  effec t o f  s e c o n d a ry  e le c tro n s  

le a d in g  to  s y s te m a tic  u n c e r ta in t ie s  in  th e  m e a s u re 

m e n t  o f  th e  c h a ra c te r is t ic  p re s su re s .

T h e  p r o b a b i l i ty  o f  co llis io n a l d e -e x c i ta t io n  p e r  

u n i t  t im e  o f  a  m o lecu le  in  a  g iv en  u p p e r  lev el v  c a n  

b e  e x p re s se d  6 in  te rm s  o f  th e  q u e n c h in g  r a te  co n 

s t a n t  K q  a s  A c =  NK q  w h e re  N  is th e  n u m b e r  o f 

m o lecu le s  p e r  u n i t  v o lu m e . In  th e  ca se  o f  p u re  n i 

t ro g e n

K q  =  ct nn  v  (14)

a n d

16 k T

T m  ’ < 1 5 >

w h e re  <rNN is  th e  c ro ss  s e c tio n  fo r co llis io n a l d e 

e x c ita t io n  b e tw e e n  n i t ro g e n  m o lecu les , v  is  th e  m e a n  

v a lu e  o f  th e  r e la t iv e  v e lo c ity  o f  m o lecu le s  in  th e  gas, 

T  is  th e  a b s o lu te  te m p e r a tu r e ,  M  is  th e  m o le c u la r  

n i t ro g e n  m ass , a n d  k is  th e  B o l tz m a n n ’s c o n s ta n t .  

S in ce  P  =  N k T , th e  c h a ra c te r is t ic  p re s s u re  fo r p u re  

n i t ro g e n  c a n  b e  e x p re s se d  as

PN
k T  1 V ^ M k T  1

T ONNV 4o n n  Tr
(16)

T h e  ab o v e  e x p re s s io n s  c a n  b e  g e n e ra liz e d  fo r a  

m ix tu r e  o f  g ase s  as

1 _  \  '  fi_ 
p i  ~  2 - ^  P !  ’

(17)

w h e re  ƒ  is  th e  f r a c t io n  o f  m o lecu le s  o f  ty p e  i in  th e  

m ix tu r e  a n d

=  (18) 
T ^N i vNi

In  th e  g e n e ra l  case , th e  re la t iv e  v e lo c ity  v Ni is  g iv en  

b y  [40]

v Ni
1 8 k T

(19)

w h e re  ^  =  M NM j / ( M N +  M j)  is  th e  re d u c e d  m ass  

o f  th e  tw o  b o d y  s y s te m  N -i.

F o r d r y  a ir  th e  ab o v e  s u m  in c lu d e s  b a s ic a lly  n i 

t r o g e n  a n d  o x y g e n  w ith  f N =  0 .79  a n d  f O =  0 .21 . 

H ow ever, in  p ra c tic e ,  a ir  c o n ta in s  a lso  o th e r  c o m p o 

n e n ts . F o r in s ta n c e ,  th e  effec t o f  a rg o n  c a n  b e  t r e a t e d  

b y  (17 ) a n d  (18 ) ac co rd in g ly .

A  p a r t i c u la r  in te re s t in g  c a se  is  th e  effec t o f  w a te r  

v a p o r . T h e  c h a ra c te r is t ic  p re s su re  o f  h u m id  a ir  P h  Mm 

c o n ta in in g  a  f r a c t io n  f H2O o f  w a te r  m o lecu les , t h a t

6 In the next paragraphs all collisional param eters will be 

assumed to  correspond to  a given molecular level v.

v
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is a  w a te r  v a p o r  p re s su re  P H2O — P / H2O, is r e la te d  

w ith  t h a t  o f  d r y  a ir  P d ry b y

1 1

P hum
P / 1

P H2

P
+

P H2 1

P  P H/
(2G)

dry V P P P H2 O

L a b o r a to r y  m e a s u re m e n ts  o f  P ' fo r n i t ro g e n  w ith  

v a r ia b le  q u a n t i t ie s  o f  w a te r  v a p o r , a rg o n , o x y g en , 

e tc . p ro v id e  v a lu es  o f  th e  c o r re s p o n d in g  P /  p re s su re s  

a n d , th e re fo re , th e  d e p e n d e n c e  o f  flu o re scen c e  in te n 

s i ty  o n  e n v iro n m e n ta l  c o n d itio n s .

Q u e n c h in g  co llis io n  is  a  v e ry  c o m p le x  p ro b le m  o f 

m o le c u la r  p h y s ic s  a n d  b a s ic a lly  n o  re lia b le  th e o r e t i 

ca l p re d ic t io n s  o n  c ro ss  s e c tio n s  a re  a v a ila b le . T h e re 

fo re, a  d e s c r ip t io n  o f  th e  d e p e n d e n c e  o f  flu o re scen c e  

q u e n c h in g  o n  p re s su re  a n d  h u m id ity  re lie s  o n  e x p e r 

im e n ta l ly  d e te r m in a te d  P ' v a lu es .

F u r th e rm o re ,  flu o re scen c e  q u e n c h in g  d e p e n d s  o n  

te m p e r a tu r e  fo r a  g iv en  d e n s i ty  a n d  a ir  c o m p o s itio n . 

F ir s tly , th e  fre q u e n c y  o f  co llis io n s  in c re a se s  w ith  v  

a n d , th u s ,  P '  g ro w s w ith  a /T  (1 6 ). S econd ly , th e  

co llis io n a l c ro ss  s e c tio n  is a  fu n c tio n  o f  th e  k in e tic  

e n e rg y  o f  th e  c o llid in g  p a r t ic le s  a n d , th u s ,  on® is  a  

fu n c tio n  o f  T . W h ile  th e  f irs t  d e p e n d e n c e  o b e y s  w ell 

k n o w n  law s o f  th e  k in e tic  th e o r y  o f  gase s , th e  sec 

o n d  o n e  is a g a in  a s s o c ia te d  to  th e  m o le c u la r  p ro b 

lem  o f  co llis io n a l d e -e x c ita t io n , in  th is  ca se  o n  th e  

d e p e n d e n c e  o f  th e  q u e n c h in g  c ro ss  s e c tio n  o n  co l 

lis io n  en e rg y . V e ry  few  e x p e r im e n ta l  s tu d ie s  o f  th e  

te m p e r a tu r e  d e p e n d e n c e  fo r n i t ro g e n  flu o re scen c e  

a re  av a ila b le . O n  th e  o th e r  h a n d , n o  s im p le  th e o ry  

h a s  b e e n  d e v e lo p e d  c a p a b le  to  p re d ic t  th e  t e m p e r a 

tu r e  d e p e n d e n c e  o f  q u e n c h in g . T h e  co llis io n a l c ro ss  

se c tio n  is  a s s u m e d  to  follow  a  p o w e r law  in  te m p e r 

a t u r e 7 , o  «  T a , w h e re  th e  a - p a r a m e te r  m ig h t  b e  

e i th e r  p o s itiv e  o r  n e g a tiv e , d e p e n d in g  o n  th e  n a tu r e  

o f  th e  p a r tn e r s  a n d  th e  ty p e  o f  in te ra c t io n .  T h e  a -  

co e ffic ien t m ig h t ev e n  b e  v a lid  o n ly  fo r c e r ta in  te m 

p e r a tu r e  ra n g e s , s in ce  th e  d o m in a t in g  ty p e  o f  in te r 

a c t io n  v a r ie s  w ith  th e  v e lo c ity  o f  th e  m o lecu le s . A s 

a  c o n se q u en ce , fro m  (10 ) a  d e p e n d e n c e  o f  flu o re s 

cen ce  in te n s i ty  as

j  oc 1 +  b T a (21)

c a n  b e  p re d ic te d  fo r a  t e m p e r a tu r e  s c a n  a t  c o n s ta n t  

p re s su re , w h ile  th e  d e p e n d e n c e  a t  c o n s ta n t  g a s  d e n 

s i ty  p  =  P / ( R gasT ) (R gas is  th e  sp ec ific  g a s  c o n 

s t a n t )  follow s

J  oc 1 +  b 'T a + i (22)

7 See [41], [42], and [43] for discussions on the T  dependence 

of the quenching cross section.

w h e re  b a n d  b' a re  c o n s ta n ts .

In  th is  v o lu m e  n ew  in te re s t in g  m e a s u re m e n ts  o f 

th e  T  d e p e n d e n c e  fo r p u re  n i t ro g e n  [41] a n d  a ir  [44] 

w ill b e  p re s e n te d .

3 .3 . F lu o r e s c e n c e  y ie ld

S ev e ra l p a r a m e te r s  c a n  b e  u s e d  to  q u a n t i fy  th e  

in te n s i ty  o f  a ir- f lu o re sc e n c e  r a d ia t io n  in  re g a rd  w ith  

th e  e n e rg y  d e p o s i te d  b y  e le c tro n s . In  a d d it io n , th e  

sa m e  p h y s ic a l m a g n i tu d e s  a re  d e n o m in a te d  in  th e  

l i te r a tu r e  w ith  d iffe re n t n a m e s  a n d / o r  u s in g  d iffe r 

e n t  sy m b o ls .

T h e  m a in  p h y s ic a l m a g n i tu d e s  a re  th e  follow ing:

-  N u m b e r  o f  f lu o re scen c e  p h o to n s  e m it te d  p e r  u n i t  

e le c tro n  p a t h  le n g th . S ev e ra l a u th o r s  (fo r in s ta n c e  

[34][45][46][47][48]) n a m e  i t  f lu o re scen c e  (o r p h o 

to n )  y ie ld .

-  F ra c tio n  o f  d e p o s i te d  e n e rg y  e m it te d  as  flu o re s 

cen ce  r a d ia t io n  (w ith o u t  u n i ts )  n a m e d  flu o re s 

cen ce  effic iency  in  [45] [46] [47].

-  N u m b e r  o f  flu o re scen c e  p h o to n s  e m it te d  p e r  

u n i t  d e p o s i te d  en e rg y . F o r s e v e ra l a u th o r s  (fo r 

in s ta n c e  [29][49][50]) th is  p a r a m e te r  is th e  fluo 

re scen c e  y ie ld .

In  th is  a r tic le  w e w ill u se  th e  fo llow ing  d e f in itio n s  

a n d  sy m b o ls :

-  £a  [m - 1 ] is  th e  n u m b e r  o f  flu o re scen c e  p h o to n s  

w ith  w a v e le n g th  A c o r re s p o n d in g  to  a  g iv en  t r a n 

s i t io n  v — v ' 8 p e r  u n i t  o f  e le c tro n  p a t h  le n g th .

-  is  th e  flu o re scen c e  efficiency , d e f in e d  as  th e  

f r a c t io n  o f  d e p o s i te d  e n e rg y  e m it te d  as  flu o re s 

c en ce  ra d ia t io n .

-  T h e  flu o re scen c e  y ie ld  [M eV - 1 ] is d e f in e d  as 

th e  n u m b e r  o f  flu o re scen c e  p h o to n s  e m it te d  p e r  

u n i t  d e p o s i te d  ene rgy .

T h e  r a t io  o f  a n d  Y^ is  e a s ily  g iv en  b y  th e  en 

e rg y  o f  th e  p h o to n s  =  h v  w ith  v  =  c /A . H ow ever, 

th e  r e la t io n s h ip  b e tw e e n  a n d  Y^ is  n o t  s t r a ig h t 

fo rw a rd . A s d isc u sse d  be lo w , flu o re scen c e  l ig h t  is b a 

s ic a lly  g e n e ra te d  b y  s e c o n d a ry  e le c tro n s  p ro d u c e d  

in  io n iz a tio n  p ro c e sse s . T h e se  s e c o n d a rie s  h a v e  a  

n o n -n e g lig ib le  ra n g e  a n d , th e re fo re , m e a s u re d  fluo 

re sc e n c e  in te n s i ty  d e p e n d s  o n  g e o m e tr ic a l  f e a tu re s  

o f  th e  o b s e rv a tio n  v o lu m e . A  p re c ise  m e a s u re m e n t 

o f  th e  flu o re scen c e  y ie ld  re q u ire s  th e  e v a lu a tio n  o f

8 In the next paragraphs, until the end of this section, the 

wavelength A will characterize the molecular transition in 

stead of the vv' pair. This is a more compact notation very 

common in articles of the air-fluorescence community.

O O

9



d e p o s i te d  e n e rg y  in  th e  sa m e  g a s  v o lu m e  fro m  w h e re  

flu o re scen c e  is  b e in g  d e te c te d .

T h e  t o ta l  n u m b e r  e A o f  f lu o re scen ce  p h o to n s  g en 

e r a te d  p e r  u n i t  p a t h  le n g th  in  a  v e ry  la rg e  m e d iu m  

c a n  b e  e x p re s s e d  as  a  fu n c tio n  o f  th e  o p tic a l  c ro ss  

se c tio n  <rA o f  th e  t r a n s i t io n  b y  [34]

eA N
o a

1 +  P / P {
(23)

w h e re  N  is  th e  d e n s i ty  o f  n i t ro g e n  m o lecu le s  a n d  

P a  is t h e  c h a ra c te r is t ic  p re s s u re  o f  th e  u p p e r  level v 

o f  th e  t r a n s i t io n .  O b v io u s ly , e A d e p e n d s  o n  e le c tro n  

e n e rg y  b e c a u s e  o f  th e  e n e rg y  d e p e n d e n c e  o f  th e  o p 

t ic a l  c ro ss  se c tio n .

In  a  la b o r a to r y  e x p e r im e n t  w ith  a  f in ite  o b se rv a 

t io n  v o lu m e , a  f r a c t io n  9 o f  th e s e  p h o to n s  is  n o t  d e 

te c te d  b y  th e  sy s te m . E q u a t io n  (23) c a n  b e  a p p lie d  

u s in g  a n  effec tiv e  o p t ic a l  c ro ss  s e c tio n  as  d e 

fin ed  in  [33].

T h e  n u m b e r  o f  flu o re scen c e  p h o to n s  p e r  u n i t  co l 

u m n  d e n s i ty  p e r  e le c tro n  is  g iv en  b y

£A

P

N a
e f f

Aa

M gas 1 +  P / P A 1 +  P / P A
(24)

w h e re  p  is  th e  g a s  d en s ity , N a  is  A v o g a d ro ’s n u m b e r  

a n d  M gas is  th e  m a ss  o f  th e  g a s  m o lecu les . T h e  v a lu e  

o f  e a / p  in  th e  a b se n c e  o f  q u e n c h in g  ( P  =  0) is  n a m e d  

A  A in  [45] [46].

T h e  flu o re scen c e  effic iency  d e p e n d s  o n  p re s s u re  as

$  A =  $ '0
1

M  +  P / P ' ' 

A t ze ro  p re s su re , $  A is g iv en  b y

$A
p  A  a  h v

( d E / d X ) dep

(25)

(26)

w h e re  ( d E / d X  )dep is  th e  e n e rg y  d e p o s i te d  p e r  u n i t  

e le c tro n  p a t h  le n g th  in  th e  sa m e  v o lu m e  w h e re  fluo 

re sc e n c e  p h o to n s  h a v e  b e e n  g e n e ra te d  (see b e lo w  for 

m o re  d e ta i ls  o n  th e  effec t o f  s e c o n d a ry  e le c tro n s ) .

F in a lly , th e  flu o re scen c e  y ie ld  fo llow s th e  sa m e  

p re s s u re  d e p e n d e n c e  as  $  A

Ya  =  Y0
1

(27)

1 + P / P r

a n d  i ts  v a lu e  in  th e  a b se n c e  o f  q u e n c h in g  is g iv en  b y

$ 0
v °  -  -1A 

A h v  '
(28)

9 This fraction depends on the gas pressure and the geo

metrical features of the experimental set-up.

E q u a t io n s  (27) a n d  (28) c a n  b e  w r i t te n  as  [45][46] 

1 pAa
Ya

( d E / d X ) dep 1 +  p B x V T  ’

w h e re

V T

P i

(29)

(30)

T h e  d e p e n d e n c e  o f  th e  flu o re scen c e  y ie ld  o n  p re s 

su re , te m p e r a tu r e ,  h u m id ity , e tc . c a n  b e  p re d ic te d  

fro m  e i th e r  (27) a n d  (28) o r  (2 9 ), u s in g  th e  c h a ra c 

te r i s t ic  p re s s u re  as  g iv en  ab o v e  in  (17) a n d  (18).

4. The actual sta tu s

T h is  s e c tio n  d e s c r ib e s  th e  p ro g re s s  in  th e  la s t  few  

y e a rs  o n  th e  e x p e r im e n ta l  a n d  th e o re t ic a l  to o ls  d e 

v e lo p e d  fo r a ir- f lu o re sc e n c e  s tu d ie s . In  S ec t. 4 .1 th e  

m o d e rn  e x p e r im e n ta l  te c h n iq u e s  u s e d  fo r th e  m e a 

s u re m e n t o f  flu o re scen c e  y ie ld  a n d  i t s  d e p e n d e n c e  

o n  a tm o s p h e r ic  p a r a m e te r s  a r e  d e sc r ib e d . E le c tro n  

so u rc es , t a r g e t  f e a tu re s , d e te c t io n  s y s te m s  as  w ell 

a s  th e  v a r io u s  te c h n iq u e s  d e v e lo p e d  fo r th e  a b s o lu te  

c a l ib r a t io n  o f  th e  s y s te m s  a re  d e sc r ib e d . F in a lly , in  

S ec t. 4 .2  th e o re t ic a l  r e s u lts  o n  th e  p ro c e sse s  le a d in g  

to  th e  em iss io n  o f  a i r  f lu o re scen ce  lig h t a n d  th e  re 

l a t io n  to  d e p o s i te d  e n e rg y  a re  d iscu ssed .

4 .1 . E x p e r im e n ta l  te c h n iq u e s

A n y  e x p e r im e n ta l  s e t-u p  c o n s is ts  b a s ic a l ly  o f 

th re e  c o m p o n e n ts :  a  so u rc e  o f  e le c tro n s  (o r a -  

p a r tic le s )  p r o p e r ly  m o n ito re d , a  co llis io n  c h a m b e r  

w h e re  a ir  o r  a n y  g a s  m ix tu r e  is e x c ite d  b y  th e  e lec 

t ro n s ,  a n d  a n  o p t ic a l  a s  w ell a s  a n  e le c tro n ic  s y s te m  

to  re g is te r  th e  flu o re scen c e  lig h t in te n s ity .

4 .1 .1 . E le c tr o n  s o u rc e s

T h re e  ty p e s  o f  so u rc e s  a re  u s e d  in  a ir- f lu o re sc e n c e  

e x p e r im e n ts :  e le c tro n  b e a m s  fro m  a c c e le ra to rs  in  

la rg e  fac ilitie s , ra d io a c t iv e  so u rc es , a n d  lo w -e n e rg y  

e le c tro n  g u n s  in  la b o ra to r ie s .

4 .1 .1 .1 . A c c e le r a to r s  T h e y  c a n  p ro v id e  e le c tro n  

b e a m s  w ith  a  sm a ll d ia m e te r  ty p ic a l ly  o f  a b o u t  few  

m illim e te rs . D iffe ren t k in d s  o f  a c c e le ra to rs  a r e  av a il 

a b le  fo r th e  v a r io u s  e n e rg y  ra n g e s  (k eV  -  G e V ) . In  

p a r t ic u la r ,  th e y  a re  th e  o n ly  p o ss ib le  so u rc e  fo r v e ry  

h ig h -e n e rg y  e le c tro n s . A  d is a d v a n ta g e  o f  th is  te c h 

n iq u e  is  th e  la rg e  b a c k g ro u n d  s ig n a l in d u c e d  in  th e  

flu o re scen c e  d e te c to r s  w h ich  re q u ire s  a  c a re fu l s u b 

t r a c t io n  fro m  th e  flu o re scen c e  s ig n a l. F u r th e rm o re ,

A
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e le c tro n s  e x it  th e  a c c e le ra to r  lin e  th r o u g h  a  w in d o w  

o f  a  c e r ta in  th ic k n e s s  a n d  m a te r ia l  d e p e n d e n t  o n  

th e  e n e rg y  ra n g e .

T h e  F L A S H  C o lla b o ra t io n  [48][49][51] u s e d  th e  

F in a l  F o cu s  T e s t B e a m  fa c ility  a t  th e  S ta n fo rd  L in 

e a r  A c c e le ra to r  C e n te r  w h ich  p ro v id e d  28.5  G e V  

e le c tro n s  in  3 p s  p u lse s  o f  a b o u t  108 e le c tro n s  a t  a  

r a te  o f  10 H z.

T h e  M A C F L Y  C o lla b o ra t io n  [52] u s e d  th e  

C E R N /S P S -X 5  t e s t  b e a m  fa c ility  w h ich  d e liv e rs  

a  p u ls e d  e le c tro n  b e a m  o f  a b o u t  104 e le c tro n s  p e r  

sp ill (4 .8  s d u r a t io n )  e v e ry  16.8 s. M e a s u re m e n ts  a t  

20 a n d  50 G e V  w ere  c a r r ie d  o u t  u s in g  th is  fac ility .

T h e  A IR F L Y  C o lla b o ra t io n  e x p lo its  th is  te c h 

n iq u e  in  a n  a m b it io u s  p ro g r a m  to  m e a s u re  th e  

flu o re scen c e  y ie ld  in  th e  in te rv a l  6 k e V  -  42 0  M eV  

u s in g  fo u r d iffe re n t a c c e le ra to rs  [53]. T h e  in te rv a l  

6 -  30 k eV  is  c o v e re d  b y  th e  A d v a n c e d  P h o to n  

S o u rce  o f  th e  A rg o n n e  N a tio n a l  L a b o ra to ry .  T h e  

in te n s e  s y n c h r o tr o n  x - r a y  b e a m  o f  th e  15 -ID  lin e  o f 

th is  a c c e le ra to r  p ro d u c e s  a n  a lm o s t  m o n o c h ro m a tic  

b e a m  o f  e le c tro n s  th r o u g h  p h o to e le c tr ic  a n d  C o m p 

to n  in te ra c t io n s  w ith  th e  a m b ie n t  a ir . A lso  a t  th e  

A rg o n n e  N a tio n a l  L a b o ra to ry ,  th e  C h e m is tr y  D i 

v is io n  e le c tro n  V an  d e  G ra a f f  a c c e le ra to r  o p e r a te d  

in  p u ls e d  m o d e  a t  60 H z, w ith  b e a m  c u r re n ts  fro m  

0 .2  to  0 .8  yU,A, w as u s e d  b y  th is  c o l la b o r a t io n  to  g e t 

e le c tro n s  in  th e  ra n g e  0 .5  -  3 M eV . M e a s u re m e n ts  in  

th e  e n e rg y  ra n g e  fro m  3 to  15 M eV  w ere  p e r fo rm e d  

a t  th e  A rg o n n e  W ak efie ld  A c c e le ra to r . T h e  L IN A C  

w as o p e r a te d  a t  5 H z, w ith  b u n c h e s  o f  m a x im u m  

c h a rg e  o f  1 n C , le n g th  15 p s  (F W H M ), a n d  a  ty p i 

ca l e n e rg y  s p re a d  o f  ± 0 .3  M eV  a t  14 M eV . F in a lly , 

m e a s u re m e n ts  in  th e  e n e rg y  re g io n  50 -  420  M eV  

w ere  p e r fo rm e d  b y  A IR F L Y  a t  th e  B e a m  T e s t F a 

c i l i ty  o f  th e  IN F N  L a b o r a to r i  N a z io n a li  d i F ra s c a t i ,  

w h ich  c a n  d e liv e r  e le c tro n s  w ith  in te n s i ty  ra n g in g  

fro m  s in g le  p a r t ic le  u p  to  a b o u t  100 p a r t ic le s  p e r  

b u n c h  a t  a  r e p e t i t io n  r a te  o f  50 H z w ith  a  ty p ic a l  

p u lse  d u r a t io n  o f  10 n s.

4 .1 .1 .2 . R a d io a c t iv e  s o u r c e s  B e ta  e m i t te r s  p ro v id e  

e le c tro n s  w ith  a  c o n tin u o u s  e n e rg y  s p e c tru m . In  p a r 

t ic u la r ,  90S r-90Y  so u rc e s  w ith  a  m a x im u m  a n d  av 

e ra g e  e n e rg y  o f  2.3  a n d  0 .8 5  M eV , re sp e c tiv e ly , a re  

w id e ly  u se d . T h is  e n e rg y  ra n g e , a r o u n d  th e  m in i 

m u m  o f  th e  e n e rg y  lo ss cu rv e , is  o f  g re a t  in te re s t  

in  a ir- f lu o re sc e n c e  s tu d ie s . In  th is  te c h n iq u e  flu o re s 

c en ce  d e te c t io n  is b a s e d  o n  e le c tro n -p h o to n  co in c i 

d en ces .

photom ultiplier tube 

Gas in ^  filter

flange

spacer

source

quartz w indow

w indow  o f  size 2.5cm  ^ 

shutter

PM T

Scintillator

G as out

Fig. 4. Schematic drawing of the chamber (top view) used by 

Nagano et al. [46]. Three photomultipliers are mounted on 

two sides and the top of the chamber, they view fluorescence 

light through quartz windows. Optical filters are mounted 

between the photomultipliers and the windows. Electrons 

from a 90 Sr radioactive source are beamed and detected by 

a scintillation counter.

A  sc h e m a tic  d ra w in g  o f  th e  c h a m b e r  u s e d  b y  

N a g a n o  e t  a l., a p p ly in g  th is  te c h n iq u e , is  p re s e n te d  

in  F ig . 4 [46].

A n  a d v a n ta g e  o f  u s in g  ra d io a c t iv e  so u rc e s  is  t h a t  

o n ce  th e  so u rc e  is sa fe ly  lo c a te d  in  th e  e x p e r im e n ta l  

s e t-u p , lo n g  la s t in g  e x p e r im e n ts  c a n  b e  c a r r ie d  o u t  

a t  v e ry  low  m a in te n a n c e  co s ts . H o w ev er, th is  te c h 

n iq u e  h a s  a lso  so m e  d is a d v a n ta g e s .  T h e  m a in  o n e  

is  t h a t  u n le s s  s t ro n g  ra d io a c t iv e  so u rc e s  a re  u sed , 

th e  r a te  o f  co in c id e n c e s  is  v e ry  low  a n d , th u s ,  v e ry  

la rg e  d a t a  a c q u is i t io n  tim e s  a re  n e e d e d  to  ach iev e  

su ffic ien t s ta t i s t ic s ,  th e n  in c re a s in g  s y s te m a tic  u n 

c e r ta in tie s .

In  th e  la s t  y e a rs , so u rc e s  w ith  in c re a s in g  a c tiv i ty  

h a v e  b e e n  u se d . N a g a n o  e t  a l. [46][47], u s in g  a  3.7  

M B q  90 S r so u rc e , w e re  a b le  t o  m e a s u re  th e  a b s o lu te  

v a lu e  a n d  th e  p re s su re  d e p e n d e n c e  o f  flu o re scen c e  

fo r is o la te d  b a n d s  u s in g  b r o a d b a n d  10 n m  filte rs . A  

so u rc e  o f  37 M B q  h a s  a llo w ed  W a ld e n m a ie r  e t  al. [50] 

(A IR L IG H T  e x p e r im e n t)  a c c u ra te  m e a s u re m e n ts  o f 

th e  v e ry  s h o r t  n i t ro g e n  life tim e s  in  a ir  a t  h ig h  p re s 

su re . T h e  m o s t a c tiv e  so u rc e  ev e r u s e d  in  th is  fie ld  

is  th e  o n e  o f  L e fe u v re  e t  al. [54] w ith  a n  a c t iv i ty  o f 

370 M B q  w h ic h  h a s  a llo w ed  to  re c o rd  th e  s p e c tr u m

11



w i th  a  m o n o c h ro m a to r  o f  6 n m  re s o lu tio n . F in a lly , 

t h e  M A C F L Y  C o lla b o ra t io n  a lso  u s e d  a  90S r so u rc e  

fo r m e a s u re m e n ts  o f  th e  a b s o lu te  flu o re scen c e  y ie ld  

a t  1.5 M eV  [52].

A lp h a  e m i t te r s  a re  a lso  a  v e ry  u se fu l to o l  fo r 

flu o re scen c e  s tu d ie s . A s a n  e x a m p le , a n  in te re s t in g  

s tu d y  o n  p u re  n i t ro g e n  u s in g  a  241 A m  so u rc e  o f

3 .7  k B q  h a s  b e e n  c a r r ie d  o u t  [41]. A lp h a  p a r t ic le s  

lose  e n e rg y  b y  e x c ita t io n  a n d  io n iz a tio n  in  th e  g as . 

A lth o u g h  d ire c t  e x c ita t io n  o f  th e  N 2  2 P  s y s te m  is 

fo rb id d e n , lo w -e n e rg y  s e c o n d a ry  e le c tro n s  e x c ite  

th e  C 3n u u p p e r  level (see [41] fo r m o re  d e ta i ls ) .  

M a n y  im p o r ta n t  p ro p e r t ie s  o f  a i r  flu o re scen c e  like 

i t s  d e p e n d e n c e  o n  p re s su re , te m p e r a tu r e ,  a n d  h u 

m id ity  c a n  b e  s tu d ie d  u s in g  th is  te c h n iq u e . A g a in , 

th e  m a in  d is a d v a n ta g e  is th e  low  flu o re scen c e  in te n 

s i ty  d u e  to  th e  l im ite d  so u rc e  a c t iv i ty  w h ich  in  th is  

ca se  m ig h t b e  m o re  im p o r ta n t  fo r leg a l r e s tr ic t io n s  

o f  a lp h a  so u rc es .

4 .1 .1 .3 . L o w -e n e r g y  e le c tr o n  g u n s  A ir- f lu o re sce n ce  

e m iss io n  in d u c e d  b y  lo w -e n e rg y  e le c tro n s  ( E  <  0.1 

M eV ) is  o f  g re a t  in te re s t .  In  th e  f irs t  p lace , a  n o n - 

n eg lig ib le  f r a c tio n  o f  th e  e n e rg y  d e p o s i te d  in  th e  

a tm o s p h e re  b y  a  c o sm ic -ra y  sh o w er is  d e liv e re d  b y  

lo w -e n e rg y  e le c tro n s  [9]. F u r th e rm o re ,  th e  a s s u m p 

t io n  o f  p ro p o r t io n a l i ty  b e tw e e n  flu o re scen c e  in te n 

s i ty  a n d  d e p o s i te d  e n e rg y  m ig h t n o t  b e  fu lfilled  a t  

low  e le c tro n  en e rg ie s  [55].

C u s to m iz e d  e le c tro n  g u n s  a re  b e in g  u s e d  fo r th is  

a p p lic a tio n .  M o ro z o v  e t  al. [56] e m p lo y  a  m o d ified  

e le c tro n  g u n  d e s ig n e d  fo r m o n o c h ro m e  d isp la y s . T h e  

c a th o d e  is  o p e r a te d  a t  h ig h  n e g a tiv e  p o te n t ia l  a n d  

th e  a n o d e  is  c o n n e c te d  to  th e  g ro u n d . T h e  g u n  d e 

liv e rs  e le c tro n s  o f  a b o u t  12 keV . E le c tr o n  p u lse s  o f 

a b o u t  5 n s  F W H M  a re  p e r fo rm e d  b y  m e a n s  o f  th e  

c o n tro l  g r id  o f  th e  e le c tro n  g u n .

R o sa d o  e t  a l. [57] h a v e  d e s ig n e d  a  n o v e l g u n . T h e  

e le c tro n  e m iss io n  is b a s e d  o n  a  p la s m a  p ro d u c e d  b y  

a  p u ls e d  n i t ro g e n  la s e r  fo c u sed  o n  th e  c a th o d e , w ith  

u p  to  30 H z r e p e t i t io n  r a te .  T h e  c a th o d e , w h ich  is 

m a in ta in e d  a t  a  n e g a tiv e  p o te n t ia l  b y  a  h ig h  v o lta g e  

p o w e r su p p ly , a c c e le ra te s  e le c tro n s  to  k in e tic  e n e r 

g ies  u p  to  30 keV . E le c tr o n  p u lse s  o f  a b o u t  20 n s  

w id th  a n d  40  m A  p e a k  in te n s i ty  a re  ac h ie v e d  u s in g  

th is  te c h n iq u e .

F o r flu o re scen c e  s tu d ie s  a t  h ig h  p re s s u re  in d u c e d  

b y  lo w -e n e rg y  e le c tro n s , a  v e ry  th in  w in d o w  h a s  to  

b e  u se d  to  is o la te  th e  e le c tro n  g u n  fro m  th e  co llis io n  

c h a m b e r . M o ro z o v  e t  a l. u se  a n  u l t r a  th in  (300  n m ) 

s ilico n  n i t r id e  w in d o w  w h ic h  a llow s th e  p a s s a g e  o f

Fig. 5. Thick-target configuration of the FLASH Collabora

tion showing a GEANT3.2 simulation of an electromagnetic 

shower generated in the targe t [58] [59].

12 k eV  e le c tro n s  w i th o u t  s u b s ta n t ia l  e n e rg y  d e g ra 

d a t io n .  F o r  th e  m o m e n t, R o s a d o  e t  al. a r e  w o rk in g  a t  

low  p re s su re . D iffe re n tia l p u m p in g  a llow s m a in ta in 

in g  p re s s u re  in  th e  e le c tro n  g u n  w ell b e lo w  0.1  P a  to  

e n s u re  c a th o d e  iso la tio n , w h e re a s  w o rk in g  p re s su re s  

u p  to  35 P a  c a n  b e  u s e d  in  th e  g a s  cell.

4 .1 .2 . T h e  ta r g e t

C o n c e rn in g  th e  ta r g e t  tw o  ty p e s  o f  flu o re scen c e  

e x p e r im e n ts  a re  b e in g  c a r r ie d  o u t .  T h e  so -c a lle d  

th ic k - ta r g e t  a n d  th in - ta r g e t  e x p e r im e n ts . F o r  h ig h - 

e n e rg y  e le c tro n s  ( E  >  1 M eV ), a i r  c a n  b e  c o n s id 

e re d  a  th in  ta r g e t  s in ce  th e  a t te n u a t io n  o f  th e  b e a m  

is v e ry  sm a ll ev e n  a t  a tm o s p h e r ic  p re s su re . M o s t 

e x p e r im e n ts  d e s c r ib e d  h e re  a re  c a r r ie d  o u t  u n d e r  

th in  ta r g e t  c o n d it io n s  (e .g . th e  N a g a n o  e x p e r im e n t 

sh o w n  in  F ig . 4).

In  o u r  fie ld  th ic k - ta r g e t  e x p e r im e n ts  a re  th o s e  

w h ich  u se  a  d e n se  m e d iu m  w h e re  th e  h ig h -e n e rg y  

e le c tro n s  in i t i a te  a n  e le c tro m a g n e tic  sh o w er w h ich  

e n te r s  th e  a ir  co llis io n  c h a m b e r  to  p ro d u c e  flu o re s 

cen ce  lig h t. In  o th e r  w o rd s , in  th e s e  th ic k - ta r g e t  

e x p e r im e n ts  th e  flu o re scen c e  lig h t p ro d u c e d  b y  a n  

e le c tro m a g n e tic  sh o w er (c re a te d  in  a  th ic k  n o n -a ir  

t a r g e t )  o n  a  th in  a ir  t a r g e t  is  s tu d ie d .

T w o  e x p e r im e n ts  h a v e  u s e d  th e  th ic k - ta r g e t  te c h 

n iq u e , F L A S H  a n d  M A C F L Y . A  sc h e m a tic  v iew  o f 

th e  th ic k - ta r g e t  c o n f ig u ra tio n  o f  th e  F L A S H  C o l 
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la b o r a t io n  is  d isp la y e d  in  F ig . 5. T h e  r e s u lt  o f  a  

G E A N T 3 .2  s im u la tio n  o f  a n  e le c tro m a g n e tic  sh o w er 

g e n e ra te d  in  th e  ta r g e t  is sh o w n  [58][59]. T h e  e lec 

t r o n  b e a m  is  in c id e n t  o n  a  v a r ia b le - th ic k n e s s  ce 

ra m ic  a lu m in a  s ta c k . T h is  m a te r ia l  h a s  g o o d  th e r 

m a l p ro p e r t ie s  a lo n g  w ith  p o sse ss in g  a  c r i t ic a l  e n 

e rg y  s im ila r  to  t h a t  o f  a ir .

T h e  M A C F L Y  th ic k  d ev ice  [60] is c o m p o se d  o f 

a n  in te rn a lly  b la c k  c o v e re d  q u a s i  c y lin d r ic a l,  la rg e  

v o lu m e  ( «  1 m 3), p re s su r iz e d  t a n k  c o n ta in in g  th e  

g a s  u n d e r  s tu d y . T h e  e le c tro n  b e a m , a l ig n e d  w ith  

th e  a x ia l s y m m e try  o f  th e  c h a m b e r , is im p in g in g  

o n  a  p re -sh o w e r ta r g e t .  T h is  v a r ia b le  th ic k n e s s  p re 

s h o w er s y s te m , is u s e d  to  in i t ia te  e le c tro m a g n e tic  

sh o w ers  in s id e  th e  c h a m b e r .

A  p a r t ic u la r  c a se  is  a n  a ir  t a r g e t  a t  v e ry  lo w  p re s 

s u re  ( <  35 h P a )  fo r th e  s tu d y  o f  th e  flu o re scen c e  co n 

t r i b u t io n  o f  s e c o n d a ry  e le c tro n s  as  u s e d  b y  R o sa d o  

e t  a l. [57]. T h e  e x p e r im e n ta l  c o n d itio n s , i.e . low  p re s 

s u re  a n d  low  e n e rg y  ( ~  30 keV ) a re  s u i ta b le  fo r th e  

a n a ly s is  o f  s p a t ia l  f e a tu re s  o f  th e  flu o re scen c e  em is 

s io n . T h is  e x p e r im e n t  h a s  a llo w ed  to  t e s t  th e  re s u lts  

o f  a  m o d e l [55], d isc u s se d  b e lo w  in  S ec t. 4 .2 .1 , fo r 

th e  c a lc u la t io n  o f  th e  flu o re scen c e  lig h t g e n e ra te d  

b y  s e c o n d a ry  e le c tro n s .

T h e  a c c u ra te  k n o w led g e  o f  th e  d e p e n d e n c e  o f  flu 

o re scen c e  in te n s i ty  o n  e n v iro n m e n ta l  c o n d it io n s  is 

o n e  o f  th e  m o s t im p o r ta n t  g o a ls  in  th is  fie ld . T h e  

g a s  t a r g e t  w h e re  flu o re scen c e  is p ro d u c e d  in  th e  la b 

o r a to r y  is  in  g e n e ra l  a  m ix tu r e  o f  g ase s  e m u la tin g  

a ir  u n d e r  v a r io u s  a tm o s p h e r ic  c o n d itio n s . S in ce  a ir-  

flu o re scen c e  lig h t is b a s ic a lly  p ro d u c e d  b y  n itro g e n , 

m a n y  e x p e r im e n ts  h a v e  b e e n  p e r fo rm e d  u s in g  p u re  

n i t ro g e n  as  t a r g e t .  F lu o re s c e n c e  in  a ir  is  s tro n g ly  

q u e n c h e d  b y  o x y g en  co llis io n s  w h ile  p u re  n it ro g e n  

is m u c h  m o re  effic ien t. T h u s , p ro p e r t ie s  o f  N 2 fluo 

re sc e n c e  c a n  b e  m o re  e a s ily  s tu d ie d  u s in g  p u re  n i 

t ro g e n .

S ev e ra l e x p e r im e n ts  h a v e  b e e n  c a r r ie d  o u t  

to  ch eck  th e  effec t o f  a rg o n  o n  a ir  flu o re scen ce  

(e .g . [32]). T h e  effec t o f  h u m id ity  h a s  b e e n  s tu d ie d  

as  w ell [44][49][50][56][61], a d d in g  to  th e  m ix tu r e  a  

k n o w n  a m o u n t  o f  w a te r  v a p o r . A n o th e r  v e ry  im p o r 

t a n t  p a r a m e te r  is th e  a ir  t e m p e r a tu r e .  T h e  d e p e n 

d e n c e  o f  flu o re scen c e  y ie ld  o n  t e m p e r a tu r e  in  a  la rg e  

in te rv a l,  c o v e rin g  t h a t  fo u n d  in  th e  a tm o s p h e re ,  is 

a n  e x p e r im e n ta l  c h a lle n g e . D ev ices  c a p a b le  to  p ro 

v id e  a ir  t a r g e t s  u n d e r  c o n tro lle d  te m p e r a tu r e s  in  

th e  re q u ir e d  in te rv a l  h a v e  b e e n  d e s ig n e d  b y  A IR - 

F L Y  [44] (F ig . 6) a n d  F ra g a  e t  al. [41]. See th e s e  

a r tic le s  fo r d e ta i ls  o n  th e  c h a m b e r  d esig n .

Fig. 6. The tem perature chamber used by the AIRFLY Col

laboration [44]: a) the chamber a t the beam line as it ap 

pears before mounting the polystyrene box, b) the chamber 

inside the polystyrene box, with a protective drum and pipe 

also in place.

4 .1 .3 . D e te c t i o n  te c h n iq u e s

T h e  d e te c t io n  a n d  a n a ly s is  o f  th e  a ir- f lu o re sc e n c e  

r a d ia t io n  a re  c a r r ie d  o u t  u s in g  th e  a p p r o p r ia te  o p 

t ic a l  a n d  e le c tro n ic  d ev ice s . In  th e  f irs t  p lace , th e  

e m it te d  flu o re scen c e  lig h t h a s  to  b e  c o lle c te d  a n d , if 

p o ss ib le , sp e c tro s c o p ic a lly  a n a ly z e d . F o r  th e  l a t t e r  

ta s k ,  a  s e t  o f  f i l te rs  o r  a  m o n o c h ro m a to r  a re  u sed . 

F o r  in te r fe re n c e  f ilte rs  th e  d e p e n d e n c e  o f  th e  sp e c 

t r a l  re s p o n se  o n  th e  in c id e n t  a n g le  h a s  to  b e  c a re 

fu lly  m e a s u re d  [41] [50] [62]. I f  su ffic ien t flu o re scen c e  

in te n s i ty  is  av a ila b le , a  m o n o c h ro m a to r  c a n  b e  u se d  

to  m e a s u re  th e  flu o re scen c e  s p e c tr u m  [32][54][57]. 

T h e  s p e c tr u m  p ro v id e s  a  m e a s u re  o f  th e  r e la t iv e  in 

te n s i t ie s  w h ich  is  a  v e ry  v a lu a b le  in fo rm a tio n . In  a d 

d i t io n , th e  d e p e n d e n c e  o n  p re s s u re  o f  e i th e r  re c ip 

ro c a l  l ife tim e s  [50] o r  in te n s itie s  [32] [47] o f  s p e c tr o 

s c o p ic a lly  re so lv e d  flu o re scen c e  y ie ld  a llow s to  m e a 

s u re  th e  PV va lu es .

F o r th e  d e te c t io n  o f  flu o re scen c e  lig h t, th e  m o s t 

u s u a l  to o l  is a  p h o to m u lt ip l ie r  w o rk in g  in  s in g le  

p h o to n  c o u n tin g  re g im e . In  fa c t, if  p o ss ib le , se v e ra l 

p h o to m u lt ip l ie r s  v iew in g  th e  co llis io n  c h a m b e r  fro m  

se v e ra l v ie w p o in ts  a llo w  a  h ig h e r  effic iency  a n d  th e  

p o s s ib il i ty  to  r e c o rd  s im u lta n e o u s ly  th e  flu o re scen c e  

r a d ia t io n  in  d iffe re n t s p e c tr a l  in te rv a ls . T h e  A IR - 

F L Y  C o lla b o ra t io n  u se s  a d d i t io n a l ly  a  h y b r id  p h o to 

d io d e  c a p a b le  o f  s in g le  p h o to e le c tr o n  c o u n tin g  [62].

4 .1 .4 . A b s o lu te  c a l ib ra tio n

T h e  m o s t im p o r ta n t  o b je c tiv e  o f  th is  w o rld -w id e  

e ffo rt is  a n  a c c u ra te  m e a s u re m e n t  o f  th e  a b s o lu te  

v a lu e  o f  th e  a ir- f lu o re sc e n c e  y ie ld . F o r th is  ta s k ,  i t  

is  n e c e s s a ry  to  c a l ib r a te  th e  d e te c t io n  s y s te m  a b so 

lu te ly , in c lu d in g  g e o m e tr ic a l  a n d  tra n s m is s io n  fac 

t o r s  o f  th e  e n t i re  o p t ic a l  s y s te m . T h e  a b s o lu te  v a lu e  

o f  th e  n u m b e r  o f  e le c tro n s  t ra v e rs in g  th e  fie ld  o f  v iew

13



o f  th e  co llis io n  c h a m b e r  h a s  to  b e  m e a s u re d .

To  d e te rm in e  th e  flu o re scen c e  y ie ld , t h e  e n e rg y  

d e p o s i te d  b y  th e  e le c tro n  b e a m  in s id e  th e  v o lu m e  

o b se rv e d  b y  th e  o p t ic a l  s y s te m  h a s  to  b e  k n o w n . A  

f irs t  a p p ro a c h , w h ic h  m ig h t b e  v a lid  a t  low  e le c tro n  

e n e rg y  is  to  a ssu m e  t h a t  th e  e n e rg y  loss, a s  p re d ic te d  

b y  th e  B e th e -B lo c h  fo rm u la , e q u a ls  th e  e n e rg y  d e 

p o s i te d  b y  th e  e le c tro n s  in  th e  m e d iu m  [45] [46].

A s d isc u s se d  la te r ,  s e c o n d a ry  e le c tro n s  g e n e ra te d  

b y  th e  p r im a r y  e le c tro n  a re  m a in ly  re sp o n s ib le  o f 

b o th  th e  flu o re scen c e  e m iss io n  a n d  th e  e n e rg y  d e p o 

s i t io n  in  th e  m e d iu m . T h e re fo re , th e  t o t a l  s ize  o f  th e  

v o lu m e  w h e re  e n e rg y  is  d e p o s i te d  (a n d  flu o re scen c e  

is e m it te d )  is  r e la te d  to  th e  ra n g e  o f  s e c o n d a ry  e lec 

t ro n s .  F o r  h ig h -e n e rg y  p r im a r ie s ,  a  n o n -n e g lig ib le  

f r a c t io n  o f  th e  e n e rg y  is d e p o s i te d  b y  se c o n d a rie s  

w ith  a  ra n g e  la rg e r  t h a n  th e  ty p ic a l  size o f  th e  ex 

p e r im e n ta l  co llis io n  v o lu m e  o b s e rv e d  b y  th e  o p t i 

ca l s y s te m . In  th is  case , a  M o n te  C a r lo  s im u la tio n  

is v e ry  u se fu l to  d e te rm in e  th e  e n e rg y  d e p o s i te d  in  

th e  in te r a c t io n  re g io n  a c c u ra te ly , in c lu d in g  th e  ge 

o m e tr ic a l  fe a tu re s  o f  th e  co llis io n  c h a m b e r  a n d  th e  

o p t ic a l  fie ld  o f  v iew . S ev e ra l s ta n d a r d  M o n te  C a r lo  

co d es , like E G S 4  [63] a n d  G E A N T 4  [64] a re  b e in g  

u s e d  fo r th is  p u rp o s e .

S ev e ra l te c h n iq u e s  h a v e  b e e n  d e v e lo p e d  fo r th e  

a b s o lu te  c a lib r a t io n  o f  th e  o p t ic a l  s y s te m s . In  p r in 

c ip le , a n  a c c u ra te  m e a s u re m e n t  o f  th e  g e o m e tr ic a l 

f e a tu re s  o f  th e  e le c tro n  b e a m , th e  c o lle c tio n  sy s te m , 

th e  tra n s m is s io n  o f  a ll th e  o p t ic a l  e le m e n ts , a n d  th e  

q u a n tu m  effic iency  o f  th e  lig h t d e te c to r  p ro v id e  th e  

n e c e s s a ry  effic iency  fa c to r . T h is  p ro c e d u re  h a s  b e e n  

a p p lie d  b y  se v e ra l e x p e r im e n ts  [47] [50] [52] [54].

O th e r  c a lib r a t io n  p ro c e d u re s  h a v e  b e e n  d e v e lo p e d  

in  o rd e r  to  re d u c e  th e  (u s u a lly  la rg e )  s y s te m a tic  

u n c e r ta in t ie s  fro m  th e  effic iency  p a r a m e te r s  m e n 

t io n e d  ab o v e . T h e s e  te c h n iq u e s  re ly  o n  th e  c o m p a r i 

so n  o f  flu o re scen c e  in te n s i ty  w ith  a  w e ll-k n o w n  p h y s 

ic a l p ro c e s s  le a d in g  to  th e  em iss io n  o f  l ig h t  w ith  th e  

sa m e  s p e c tr a l  a n d  g e o m e tr ic a l  f e a tu re s . T w o  p h y s i 

ca l p ro c e s se s  h a v e  b e e n  e m p lo y e d  fo r th is  p u rp o s e . 

T h e  f ir s t  o n e  u se s  th e  C h e re n k o v  lig h t e m i t te d  b y  

th e  e le c tro n  b e a m  in  th e  g as , w h ile  th e  se c o n d  o n e  

is b a s e d  o n  R a y le ig h  s c a t te r in g  fro m  a  la se r  b e a m  

re p la c in g  th e  e le c tro n  b e a m .

T h e  A IR F L Y  C o lla b o ra t io n  [62] h a s  d ev e l 

o p e d  th e  te c h n iq u e  b a s e d  o n  th e  c o m p a r iso n  w ith  

C h e re n k o v  lig h t. T h e  m e a s u re m e n ts  a re  t a k e n  in  

tw o  m o d e s  (F ig . 7). In  th e  flu o re scen c e  m o d e , th e  

is o tro p ic  flu o re scen c e  lig h t p ro d u c e d  b y  th e  e lec 

t r o n s  in  th e  fie ld  o f  v iew  o f  th e  d e te c to r  is  re c o rd e d . 

In  th is  m o d e , c o n tr ib u t io n s  fro m  o th e r  so u rc e s  o f

f lu o r e s c e n c e  ( le r en k o x

m o d e  m od e

Fig. 7. Experimental set-up used by the AIRFLY Collabo

ration for the measurement of the absolute air-fluorescence 

yield [62].

lig h t, like C h e re n k o v  o r  t r a n s i t io n  ra d ia t io n ,  a re  

n eg lig ib le  d u e  to  th e  n o n - is o tro p ic  e m iss io n  o f  su c h  

m e c h a n ism s . In  th e  C h e re n k o v  m o d e , a  th in  m y la r  

m ir ro r  a t  a n  a n g le  o f  45° is in s e r te d  re m o te ly  in to  

th e  b e a m , re d ir e c t in g  th e  C h e re n k o v  lig h t in to  th e  

d e te c to r .  In  th is  m o d e , th e  C h e re n k o v  lig h t fu lly  

d o m in a te s  o v er flu o re scen ce . T h e  a b s o lu te  flu o re s 

cen ce  y ie ld  is  th e n  d e te r m in e d  u s in g  th e  r a t io  o f 

th e  s ig n a l m e a s u re d  in  th e  flu o re scen c e  a n d  in  th e  

C h e re n k o v  c o n f ig u ra tio n s . T h e  C h e re n k o v  y ie ld  is 

k n o w n  fro m  th e o ry , th e  g e o m e tr ic a l  fa c to rs  o f  th e  

a p p a r a tu s  a re  d e r iv e d  fro m  a  full G E A N T 4  s im u la 

t io n  o f  th e  d e te c to r  a n d  ta k e  in to  a c c o u n t th e  p ro b 

a b i l i ty  o f  a  p h o to n  b e in g  e m it te d  in  e a c h  c a se  a n d  

a lso  th e  fa c t t h a t  C h e re n k o v  lig h t is  v e ry  d ire c t io n a l  

a n d  flu o re scen c e  lig h t is e m i t te d  iso tro p ic a lly . U s 

in g  th is  te c h n iq u e , th e  A IR F L Y  C o lla b o ra t io n  h a s  

m e a s u re d  th e  a b s o lu te  y ie ld  o f  th e  337  n m  b a n d . 

A  p re lim in a ry  r e s u lt  h a s  b e e n  p re s e n te d  a lre a d y  in  

[62].

T h e  te c h n iq u e  b a s e d  o n  a  c o m p a r iso n  w ith  

th e  R a y le ig h -s c a t te re d  lig h t w as p ro p o s e d  b y  th e  

F L A S H  a n d  th e  M a d r id  g ro u p s  a t  a  p re v io u s  w o rk 

s h o p  [65]. A  n i t ro g e n  p u ls e d  la s e r  b e a m  c ro sse s  th e  

co llis io n  c h a m b e r  in  th e  p la c e  o f  th e  e le c tro n  b e a m . 

T y p ic a l  p u lse s  o f  a b o u t  100 y J  e n e rg y  a n d  4 n s  

w id th  s c a t te r  a  n u m b e r  o f  p h o to n s  o f  th e  sa m e  o r 

d e r  o f  m a g n itu d e  as  th o s e  fro m  flu o re scen c e  ru n s . 

O n e  o f  th e  m a in  p ro b le m s  o f  th is  te c h n iq u e  is lig h t 

s c a t te r e d  a t  th e  w a lls  o f  th e  c h a m b e r  w h ic h  h a s  

to  b e  c a re fu lly  su p p re s s e d . A  m e a s u re m e n t  o f  th e  

p re s s u re  d e p e n d e n c e  o f  th e  R a y le ig h  s ig n a l p ro v id e s  

v a lu a b le  in fo rm a tio n  o n  th e  b a c k g ro u n d  s c a t te r e d  

lig h t a n d  th e  l in e a r i ty  o f  th e  s ig n a l.

U s in g  th is  te c h n iq u e , th e  F L A S H  C o lla b o ra 

t io n  h a s  a l r e a d y  c a r r ie d  o u t  a  m e a s u re m e n t o f
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th e  a b s o lu te  y ie ld  w ith  a n  u n c e r ta in ty  b e lo w  10% . 

T h e  M a d r id  [57] a n d  A IR L IG H T  [50] g ro u p s  a re  

p re s e n t ly  u s in g  th is  te c h n iq u e  fo r th e  a b s o lu te  ca li 

b r a t io n  o f  th e i r  sy s te m s .

T w o  d iffe re n t s t r a te g ie s  a re  b e in g  u s e d  fo r th e  

m e a s u re m e n t o f  th e  t o t a l  flu o re scen c e  y ie ld  in  th e  

s p e c tr a l  in te rv a l  o f  th e  te le sc o p e s . S e v e ra l e x p e r i 

m e n ts  [47][52][54] c a r r y  o u t  a n  a b s o lu te  m e a s u re 

m e n t  o f  th e  y ie ld  fo r th e  w h o le  s p e c tr a l  in te rv a l  in 

c lu d in g  m a n y  m o le c u la r  b a n d s  w h ile  [62] m e a s u re s  

th e  a b s o lu te  flu o re scen c e  y ie ld  o f  th e  m a in  b a n d  

(3 3 7 n m ) a n d  th e  c o n tr ib u t io n  o f  th e  r e m a in in g  sp e c 

t r a l  c o m p o n e n ts  is  in fe r re d  la te r  fro m  a n  a c c u ra te  

m e a s u re m e n t o f  th e  s p e c tr u m  [32].

N o tice  t h a t  a  c o m p a r iso n  o f  re s u lts  o f  th e  fluo 

re sc e n c e  y ie ld  in  d iffe re n t s p e c tr a l  in te rv a ls  n e e d s  a  

v a lu e  fo r th e  r e la t iv e  in te n s itie s  a s  w ell a s  th e  PV 

v a lu es , see  (11).

4.2 . T h e o r e t ic a l  a p p ro a ch e s

4 .2 .1 . P r e d ic t io n s  o n  f lu o r e s c e n c e  e m is s io n

T h e  w e ll-k n o w n  p h y s ic a l p ro c e sse s  le a d in g  to  

m o le c u la r  e x c ita t io n  a n d  flu o re scen c e  em iss io n  

h a v e  b e e n  d e s c r ib e d  in  S ec t. 3. E in s te in  coeffic ien ts , 

F ra n c k -C o n d o n  fa c to rs  a s  w ell a s  e x c ita t io n  a n d  

io n iz a tio n  c ro ss  se c tio n s  a re  a v a ila b le  in  th e  l i t 

e r a tu r e ,  e .g . [35][36]. T h e  a m o u n t  o f  flu o re scen c e  

p h o to n s  g e n e ra te d  b y  e le c tro n s  t r a v e r s in g  a  g iv en  

a ir  th ic k n e s s  h a s  b e e n  c a lc u la te d  in  [33][34] u s in g  

a  M o n te  C a r lo  a lg o r i th m  w h ich  ta k e s  in to  a c c o u n t 

th e  d o m in a n t  ro le  o f  s e c o n d a ry  e le c tro n s . T h is  a l 

g o r i th m  a lso  c a lc u la te s  th e  e n e rg y  d e p o s it io n  fo r 

w h ich  s e c o n d a ry  e le c tro n s  a re  m a in ly  re sp o n s ib le .

B u n n e r  [16] re a liz e d  e a r ly  t h a t  s e c o n d a ry  e lec 

t r o n s  fro m  io n iz a tio n  p ro c e sse s  a re  th e  m a in  so u rc e  

o f  flu o re scen c e  lig h t, s in ce  th e  e x c ita t io n  c ro ss  sec 

t io n  o f  th e  c o r re s p o n d in g  u p p e r  levels  (F ig . 3) sh o w s 

a  fa s t d e c re a se  w ith  en e rg y , in  p a r t ic u la r  th e  o n e  fo r 

th e  2 P  s y s te m . U n fo r tu n a te ly ,  B u n n e r  [16] w as n o t  

a b le  to  c a lc u la te  th e  f lu o re scen ce  e m iss io n  fro m  sec 

o n d a r y  e le c tro n s  s in ce  th e  n e c e s s a ry  d a ta ,  in  p a r t ic 

u la r ,  th e  s p e c tr u m  o f  s e c o n d a ry  e le c tro n s  w ere  n o t  

a v a ila b le  a t  t h a t  t im e  fo r co llis io n s  a t  h ig h  energy . 

A n  e s t im a te  o f  th e  e n e rg y  s p e c tr u m  o f  s e c o n d a ry  

e le c tro n s  u p  to  th e  G e V  ra n g e  h a s  b e e n  u s e d  in

[33] [34] to  c a lc u la te  fo r th e  f irs t  t im e  th e  flu o re scen c e  

in te n s i ty  in d u c e d  b y  h ig h -e n e rg y  e le c tro n s . A n  im 

p ro v e d  e n e rg y  s p e c tr u m  o f  s e c o n d a rie s  h a s  a llo w ed  

re c e n tly  m o re  re lia b le  re s u lts  o f  th e  flu o re scen c e  in 

te n s i ty  a n d  a lso  a  p re c ise  c a lc u la t io n  o f  d e p o s ite d

Fig. 8. The energy loss of a primary electron in A X  gives rise 

to  the production of secondaries, being mainly responsible for 

the fluorescence light emission. A fraction of both deposited 

energy and fluorescence emission might take place outside 

the observation region [55].

e n e rg y  a n d , th u s ,  o f  th e  flu o re scen c e  y ie ld  [55].

A  sc h e m a tic  v iew  o f  th e  p ro c e sse s  in v o lv ed  in  th e  

e m iss io n  o f  flu o re scen c e  lig h t a n d  th e  d e p o s it io n  o f 

e n e rg y  fro m  s e c o n d a ry  e le c tro n s  as  m o d e le d  in  [55] 

c a n  b e  see n  in  F ig . 8. A  p r im a r y  e le c tro n  tra v e rs in g  

a n  a tm o s p h e r ic  d e p th  A X  m a y  e i th e r  e x c ite  o r  io n 

ize  a  m o lecu le . In  th e  l a t t e r  case , th e  s e c o n d a ry  e lec 

t r o n  p ro d u c e s  fu r th e r  e x c ita t io n s  a n d / o r  io n iz a tio n s  

u n t i l  a ll s e c o n d a rie s  a re  s to p p e d  in  th e  m e d iu m . 

B o th  flu o re scen c e  g e n e ra t io n  a n d  e n e rg y  d e p o s it io n  

d u e  to  m o le c u la r  e x c i ta t io n s / io n iz a t io n s  a re  c a lc u 

l a te d  u s in g  a  M o n te  C a r lo  a lg o r i th m . A s a  re s u lt ,  

th e  e n e rg y  d e p o s i te d  p e r  u n i t  p a th  le n g th  o f  a i r  as  

w ell a s  th e  n u m b e r  o f  m o lecu le s  e x c ite d  to  th e  u p p e r  

levels  o f  th e  2 P  a n d  1N s y s te m  a re  d e te rm in e d . T h e  

re s u lts  fo r b o th  m a g n itu d e s  d e p e n d  o n  th e  v o lu m e  o f 

th e  in te r a c t io n  re g io n  as  w ell a s  th e  a ir  p re s su re . In  

fa c t, i t  is a  fu n c tio n  o f  P  x  R , w h e re  R  is  th e  r a d iu s  

o f  th e  s p h e re  a r o u n d  th e  in te ra c t io n  p o in t  d e fin in g  

th e  m e d iu m  size . N e g le c tin g  th e  q u e n c h in g  effect, 

th e  r a t io  o f  b o th  m a g n itu d e s  g ives Y 0, i.e . th e  fluo 

re sc e n c e  y ie ld  a t  P = 0 .  R e s u lts  o n  th e s e  p re d ic tio n s  

a re  c o m p a re d  w ith  e x p e r im e n ta l  d a t a  in  [55].

T h e  p r e d ic te d  v a lu e s  o f  th e  e n e rg y  d e p o s i te d  p e r  

u n i t  p a t h  le n g th  as  a  fu n c tio n  o f  e le c tro n  e n e rg y  fo r 

s e v e ra l v a lu e s  o f  P  x  R  a re  d e p ic te d  in  F ig . 9 [55]. A s 

e x p e c te d , d e p o s i te d  e n e rg y  a t  v e ry  h ig h  P  x  R  v a l 

u es  te n d s  to  th e  t o t a l  e n e rg y  lo ss p r e d ic te d  b y  th e  

B e th e -B lo c h  th e o ry . N o tic e  t h a t  fo r ty p ic a l  o b s e r 

v a t io n  v o lu m es  in  flu o re scen c e  e x p e r im e n ts  ( «  103 

h P a x c m ) ,  th e  d e p o s i te d  e n e rg y  is sm a lle r  t h a n  th e  

t o t a l  e n e rg y  lo ss b y  a n  a m o u n t  w h ich  a t  a tm o s p h e r ic  

p re s s u re  ra n g e s  fro m  a b o u t  18%  a t  1 M eV  to  42%  

a t  10 G eV .
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Fig. 9. Energy deposited by a primary electron per unit path 
length versus primary energy for several values of P  X  R 
(product of pressure times fiducial region, continuous lines). 
For very high P  x R values deposited energy equals the energy 
loss of the primary electron predicted by the Bethe- Bloch 
theory (broken line) [55].

4.2.2. T he  re lat io n  be tween f luore s ce nce  light  

in t e n s it y  and  de pos ite d ene rgy

T he  fluorescence te chnique  is bas ed on the  as 

s um ptio n  th a t  the  fluorescence  yie ld is inde pe nde nt 

of the  e le ctron energy. In  othe r  words , for give n 

a tmos phe r ic  conditions  the  fluorescence  inte ns ity  is 

as s umed to be  pro por tiona l to  the  energy depos ited. 

Therefore , the  energy depos ite d by a shower a t  a 

give n a lt itude  is a func tion of a tmos phe ric  prope r 

ties  (pressure , te mpe ra ture , humidity , e tc.) b u t  it  is 

inde pe nde nt of the  ene rgy s pe c trum of the  shower 

e lectrons . T he  va lid ity  of this  as s umpt ion has  been 

prove n us ing bo th , the ore tica l a nd  e xpe r ime nta l 

tools . In  the  following, the  the ore tical re sults  are 

s ummar ize d while  e xpe r ime nta l da ta  are discussed 

la te r  in Sect. 5.5.

Fr om a the ore tica l po in t  of view several a rgu 

me nts  have  been used in  favor (w ith  some caution) 

of an expected pr opor tiona lity  be tween fluorescence 

inte ns ity  a nd  depos ite d energy. Ave  e t al. [53] a r 

gue  th a t  s ince the  to ta l numbe r  of s econdary elec

t rons  produce d by the  passage  of the  pr im a r y  elec

t r on  in  an a ir  volume  is roughly pro por tiona l to the  

energy depos ite d, the  fluorescence  light is also ex

pe cte d to be  pro por tiona l to  the  ene rgy depos ited. 

O n  the  othe r  ha nd, Arque ros  e t al. [55] po in t  out 

t h a t  the  ra tio  of fluorescence  e mis s ion a nd depos ite d 

energy is s trongly de pe nde nt on the  s pe c trum of low-  

energy secondaries  which in  pr inc iple  varies  w ith  

the  pr ima r y  ene rgy a nd  the  dis tance  from the  pr i

ma ry  inte rac tion. T hus , this  pr opor tiona lity  has  to

be  de mons tra te d w ith  a de ta ile d analys is .

T he  Monte  Ca r lo a lgor ithm in  [55] is used for a 

de ta ile d ca lcula t ion of the  ene rgy dependence  of the  

fluorescence  yie ld. T he  re sults  (see Fig. 6  -  9 in  [55]) 

can be  s ummar ize d as follows: the  fluorescence  yie ld 

decreases w ith  pr imar y  ene rgy a bout  1 0 % in  the  

range  1 ke V -  1 Me V a nd 4% in  the  inte rva l 1 Me V

-  20 Ge V for the  337 nm  band. For the  391 nm  ba nd  

the  cor re s ponding decrease is a bout  6 % for the  in 

te rval 1 ke V -  1 Me V a nd 1% for 1 Me V -  20 Ge V. A 

s mooth increase  of the  fluorescence  yie ld w ith  P  x R, 

smalle r  th a n  2% in  the  range  15 -  1500 h P a x c m , 

is found for energies  large r th a n  1 Me V. At  lower 

ene rgy a nd / o r  re gion size the  fluorescence  yie ld is 

clear ly no t pr opor tiona l to  the  de pos ite d energy.

In  s ummary, the  the ore tical re sults  in  [55] pre dict  

a  very s mall dependence  of the  fluorescence  yie ld on 

e le ctron ene rgy w ith  no impac t  on the  c a libr a t ion of 

fluorescence  telescopes.

5. C o m p ila t io n  o f  d a t a

5.1. S pe c t rum  and  pre s s ure  de pe nde nce

As me ntione d already, air- fluorescence e mis s ion 

in  the  range  290 -  430 nm  is bas ica lly  due  to the  

1N a nd 2P  sys tems  of N 2. T he  s pe c trum cons is ts  of 

mole cular  bands  w ith  a degrade d shape . T he  wave 

le ngth and  the  inte ns ity  of these  bands  have  been 

me as ure d by many  authors . In  pa r t ic ula r , the ir  spec 

t r a l pos it ions  are accura te ly  known for ma ny  years , 

inc luding  the  r o ta t io na l s truc ture . However, re lative  

inte ns it ie s  depe nd s trongly on the  gas  features  (i.e. 

pressure , gas  compos ition, e tc.) as give n by ( 1 1 ) and

(17) -  (19). There fore , compar is on be tween diffe rent 

authors  is not s tr a ightforward.

Altho ug h  da ta  on the  re lative  inte ns itie s  of the  

air- fluorescence s pe c trum a t  several conditions  have  

bee n publis he d s ince long ago, well e s tablished re 

sults  are no t ye t available . In  the  las t  years , the  air-  

fluorescence  c ommunity  has  made  a s ignificant ef

for t  in  achie ving accurate  values  of the  re lative  in 

tens itie s  a nd  the ir  pressure  dependence .

Nagano  e t al. [47] have  me as ured the  re lative  in 

tens itie s  of 15 bands  in b o th  pure  nitroge n and  dry 

air . As  a lre ady me ntione d, in  the ir  e xpe r ime nta l se t 

up  e x c ita tion is carr ied out  w ith  e lectrons  from a

3.7 MBq  90Sr radioac tive  source and  fluorescence  is 

s pe ctroscopically resolved, us ing a set of inte rfe rence  

filte rs . Re la tive  inte ns itie s  are me as ured by electron-  

pho to n  coincidences . Values  of the  PV parame te rs
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Experimental results of P ' at 293 K for the 2P and 1N system of nitrogen in air. The first column shows the vibrational 
number of the upper level of the transition with wavelength shown in the second column. See text for a brief description of 
the main experimental features. Uncertainties are not quoted. More details can be found in the original publications.

T a b le  2

2P system AIRFLY [29] Nagano et al. [47] a Bunner [16] b Pancheshnyi et al. [67][66] c AIRLIGHT [50] d MACFLY [52]

v A (nm) P ' (hPa)

337.1 15.89 19.2

357.7
0

15.39 18.1
18.1 20.0 13.10 15.0 25.8

380.5 16.51 19.4

405.0 17.80 12.3

315.9 11.88 23

333.9 15.50 -

353.7
1

12.70 30.6
25.6 8.7 11.20 15.0 17.1

375.6 12.82 34.1

399.8 13.60 24.2

427.0 6.38 72

297.7 17.30 -

313.6 12.27 -

330.9 16.90 40.2

2 350.0 15.20 - 7.9 6.1 9.10 - 11.4

371.1 14.80 -

394.3 13.70 24.2

420.0 13.80 7.3

296.2 18.50 -

3 311.7 18.70 - - 3.3 7.90 - 8.8

328.5 20.70 -

326.8
4

19.00 -

385.8 19.00 -

1N system 

391.4
0

427.8

2.94

2.89

5.02 4.83 1.44 2.4 1.23 3.17

1 388.5 3.9

a The second column of Nagano et al. values are weighted averages which are provided in their publication. 
b Weighted averages.
c Inferred from quenching rate constant and lifetime measurements at 337 nm (2P v = 0), 316 nm (2P v = 1), 314nm (2P 
v = 2), 414 nm (2P v = 3) and 391 nm (1N v = 0).
d Inferred from quenching rate constants and lifetime measurements at 337 nm (2P v = 0), 316 nm (2P v = 1), 391 nm (1N
v = 0 ).

are  de te rmine d from me as ureme nts  of the  pressure  

dependence  of fluorescence yie ld in  the  range  1 -  

103 h P a  us ing (11). Re sults  on re lative  inte ns it ie s  

and charac te ris t ic  pressures  are  given in  Tabs . 1 and

2 of [47]. P ' values  are  reviewed be low in  Tab. 2 for

compar is on w ith  othe r authors . Notice  th a t  the  de 

t e r mina t io n  of the  PV values  by Nagano  e t al. does  

not take  in to  account the  pos s ible  effect of s econdary 

e lectrons  e scaping the  fie ld of view. Since  this  effect 

is pressure  de pe nde nt, it  mig ht  give rise to  system-
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Fig. 10. Exponential time distribution between the electron 
signals in the scintillator and the photon signals measured 
by the AIRLIGHT experiment [50].

a tic  unce r taintie s .

The  AIRLIGH T  e xpe r ime nt [50], us ing a tech

nique  s imila r  to  th a t  of Nagano  e t al. [46], have  me a 

sured the  re lative  inte ns itie s  of 8  nitroge n bands . 

However, here  the  PV values  are  de te rmine d from the  

dependence  of the  fluorescence life time  on pressure. 

De laye d e lectron - pho to n coincidences  are  de tected 

to  meas ure  the  e xpone ntia l decay of the  fluorescence 

emiss ion, t h a t  is, the  effective life time  (Fig. 10).

As  a lre ady me ntione d, the  reciprocal life time  in 

creases line ar ly  w ith  pressure  (Ste rn- Volmer plo t) 

and  the  cor re s ponding s lope  provide s  the  PV value  

as given by (13). Effective  life time s  a t  high pressure  

are  ve ry low (in the  range  of few nanose conds ) and, 

there fore , a high t ime  re solution is necessary. T his  

te chnique  is free from poss ible  s ys te matic  unce r ta in 

ties  due  to  s econdary e lectrons  e scaping the  fie ld of 

view.

PV me as ure me nts  in  dry  air , pure  nitroge n, and 

several mixture s  of nitroge n, oxygen, and  wate r  

vapor  allow Walde nmaie r  e t al. [50] to  de te rmine  

que nching ra te  cons tants  for the  var ious  compo 

nents  separate ly, see (16) - (18). T he  re sults  shown 

in  T ab. 2 of [50] can be  used to  calculate  the  PV 

values  for any air- like mix ture . As  an e xample , the  

re sults  for the  2P (v=0 , 1) and 1N (v=0 ) tr ans i

t ions  a t  293 K are infe rre d from the  cor re s ponding 

que nching rate s  and  life times  and are shown in  

T ab. 2 for compar is on w ith  othe r  authors .

T he  A IRF LY Colla bor a t io n  [32] [29] has  achieved 

ve ry accurate  re sults  on the  air- fluorescence spec 

t r u m  us ing the  e le ctron be a m of the  Argonne  Che m 

is try  Va n de Gr a a ff facility. A high re s olution Or ie l 

MS25 7T M s pe ctrograph combine d w ith  a 1024 x 

255 CC D pixe l a r ray (Andor  DV420 BU2) allowed

l 10 io2 io3
p (hPa)

Fig. 11. The AIRFLY Collaboration determines the P ’337 

value for air from the ratio of nitrogen to air signals as a 
function of pressure [32].

to  record high- re s olution s pe ctra  of a ir  fluorescence 

a t  800 h P a  and 293 K (see Fig. 2). T he  s pe ctral re 

sponse  was  ca libr a te d w ith  an unce r ta inty  of 3%. 

Us ing this  te chnique , 34 bands  of nitroge n in  the  in 

te rval 280 -  429 n m  inc luding  a few weak lines  of the  

Gaydon- He rman s ys tem were ide ntifie d. T he  me a 

s ured re lative  inte ns itie s  are  lis te d in  T ab. 1 in  [32]. 

T he  e xpe r ime nta l values  for bands  w ith  a common 

uppe r  level are in  good agreement w ith  the  the ore t 

ical pre dictions  give n by the  Eins te in  coefficients .

T he  me as ure me nts  of the  PV values  were pe r 

forme d a t  the  Argonne  Wake fie ld Acce le rator  w ith  

14 Me V be a m energy, ope rate d in  puls e d mode . 

T he  fluorescence inte ns ity  is recorded as func t ion 

of pressure . However, the  procedure  followed here 

is diffe rent from the  one  of pre vious  e xpe r ime nts  

e.g. [45][47]. A IRF LY compares  the  pressure  de pen 

dence  of the  337 n m  ba nd  for nitroge n and dry  air 

unde r  the  s ame  e xpe r ime nta l conditions  (Fig. 11). 

Since  the  frac tion of fluorescence losses due  to  sec

onda ry  e lectrons  e scaping the  fie ld of view is bas i

ca lly  the  same for nitroge n and air , this  compar is on 

allows  a de te r mina t ion of P 337 for que nching w ith  

N 2 and  O 2 and, hence , for air. An  accurate  re sult 

of P^ir  =  15.89± 0.73 hP a  is r e por te d in  [32][29]. T he  

compar is on (with respect to  the  337 nm  line ) of the  

pressure  depende nce  for othe r  bands  has  provide d 

a meas ure  of PV for othe r  s pe ctral compone nts  of 

the  air fluorescence light.

Following this  te chnique , charac te ris t ic  pressures  

of 25 bands  of the  2P, 1N, and GH  sys tems  of ni

t rogen in  a ir  are  r e por te d in  Tab. 2 of [32] w ith  an
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unce r ta inty  s malle r  th a n  pre vious  expe rime nts . The  

re sults  for the  2P  and 1N sys tems  have  been inc lude d 

in  Tab. 2 for compar is on w ith  those  of othe r  authors .

The  MAC F LY e xpe rime nt has  me as ure d the  pres 

sure  dependence  of the  to ta l (unres olved) fluores 

cence inte ns ity  (290 -  440 nm) for pure  nitroge n and 

a ir  (Figs . 5 and  6  in  [52]). T he  s ta nda r d  the ore ti

cal formula  ((4) in  [52]) is fit te d to  the  e xpe rime n

ta l pressure  dependence , us ing pre vious ly re porte d 

values  of the  fluorescence yie lds  a t  P  =  0 of pure  

nitroge n for 24 wave lengths , r adia tive  life times , and 

que nching ra te  cons tants  a t  T  =  0 for N 2 and  O 2. As  

a re sult, MAC F LY re por ts  dry- air PV values  for five 

uppe r  levels, 2P  (v =  0 — 3) and  1N (v =  0). Notice  

th a t  these  P v re sults  are  no t  obta ine d  from dire ct 

me as ure me nts  b u t  are infe rre d as the  mos t like ly 

values , which are s imulta ne ous ly cons is tent w ith  the  

e xpe r ime nta l pressure  dependence  of the  s pe ctrally  

unre s olve d fluorescence light  yie ld and var ious  ex

pe r ime nta l and the ore tical d a ta  on re lative  inte ns i

ties  and  que nching from othe r  authors . T he  results  

are  also shown in  Tab. 2 for comparison.

Fina lly , the  F LAS H Collabor a t ion  re por ts  the  

me as ure me nt of the  air- fluorescence s pe c trum ex

c ite d w ith  e lectrons  from the  F ina l Focus  Test Be am 

a t 28.5 Ge V ene rgy [49][51]. T he  s pe c trum was 

recorded us ing a s pe ctrograph w ith  a bout  1 n m  res 

o lution. Fig. 7 of [49] shows  an illus tra tive  e xample  

for air  a t  207 hP a . Re la tive  inte ns itie s  are compare d 

in  Fig. 10 of [49] w ith  othe r  e xpe r ime nta l values. 

Me as ure me nts  of b o th  s pe ctroscopically unre s olved 

and resolved fluorescence inte ns ity  versus  pressure  

were carr ie d out  by the  F LAS H Collabor a t io n  (see 

T ab. 1 and Fig. 8  in  [49]).

As  s ummary, mos t of the  available  re sults  on char 

acte r is t ic  pressures  for the  2P and 1N nitroge n sys 

tems  re por te d s ince the  year 2 0 0 0  are  compile d in 

T ab. 2. Toge ther w ith  the  me as ure me nts  car rie d out 

w ith in  the  air- fluorescence community , the  results  

of Panche shnyi e t al. [6 6 ] are  shown for compar i

son. Mos t authors  provide  values  of the  characte r is 

t ic  pressures  for each v value  us ing the  e xpe rime n

ta l re sults  of several mole cular  bands  w ith  the  same 

uppe r  level v. Nagano  et al. [47] and the  A IRF LY 

Collabor a t ion  [32] r e por t  ind iv idua l re sults  for each 

me as ure d band. In  b o th  cases, P^ values  re porte d 

for bands  w ith  the  same  uppe r  level v are  in  agree 

me nt w ith in  the  e xpe r ime nta l unce r taintie s , as well 

as w ith  the ore ticval e xpe ctations .

While  [47] also provide s  averaged P ^, A IRF LY 

re comme nds  us ing ind iv idua l e xpe r ime nta l results  

for each wave le ngth as an e mpir ica l re sult inde pe n 

de nt of inte rpre ta tions  a t  mole cular  level.

Unce r ta intie s  r e por te d by the  authors  (not quote d 

in  Tab. 2) de pe nd s trongly on the  inte ns ity  of the  

mole cular  band. As  an example , the  unce r ta inty  for 

the  mos t intense  b a nd  (337 nm) is be low 1% for 

the  A IRF LY me as ure me nt and  be low 3% in  Nagano 

et al. [47]. In  regard w ith  e xpe r ime nts  r e por ting 

que nching rate  cons tants  for the  var ious  uppe r  lev

els, the  unce r ta inty  of AIRLIG H T  [50] for 2P v =0  

is a r ound 5% (as s uming 4% unce r ta inty  in  the  me a 

s urement of K q  for nitroge n) and  more  th a n  1 0 % 

for Panche s hnyi et al. [6 6 ].

5.2. T em pe rature  de pe nde nce

T he  fluorescence yie ld (27) depends  on te m 

pe ra ture  thro ugh the  P v parame te r . In  gene ral, the  

P^ value  for any mix ture  of gases like  air  can be  w r it 

te n as introduce d  in  (17), (18), and  (19). T he  well 

known dependence  on te mpe ra ture  re sults  from the  

pr opor tiona lity  be tween P a nd a / T .  As s uming con

s ta nt  dens ity, this  re sults  in  highe r  que nching rate  

cons tants  for increas ing te mpe ra tur e  because  of the  

mole cular  Br ow nia n mot ion.

From mole cular  phys ics , a second te mpe ra ture  de 

pe nde nce  is expected. T he  cross sections  for colli-  

s ional que nching a NN and a NO de pe nd on the  ve 

loc ity  of molecules  a nd  the re fore  the ir  average  value  

vary w ith  te mpe ra ture . T he  expected be havior  fol

lows a power law in  te mpe r a ture  a  <x T a , where  a  is 

ne ar ly  cons tant in  ce r ta in te mpe ra ture  inte rva ls  (see 

Sect. 3.2). T his  T  dependence  of the  collis ional cross 

s ection ha d  been neglected dur ing  the  las t decades  

as Bunne r  c la ime d an evidence  for only  a weak te m 

pe ra ture  dependence  [16]. However, as reviewed in  

[7], cons ide rable  effects ha d  been found earlie r . Re 

cently, two groups  s ta r te d to  meas ure  the  collis ional 

cross sections  as a func t ion of te mpe ra ture .

T he  A IRF LY Collabor a t io n  me as ure d a t  a Van 

de Gr a a ff e le ctron acce le rator  w ith  3.0 Me V kine tic 

be a m ene rgy [44] [6 8 ]. T he  fluorescence s ignal o f dry 

a ir  has  been obse rved be tween 284 and 429 nm. A 

te mpe ra tur e  scan w ith  cons tant de ns ity was  pe r 

forme d from 240 K to  310 K for the  2P  bands  337 nm  

(0- 0), 354 n m  (1- 2), 314 n m  (2- 1), and  the  1N ba nd  

391 n m  (0- 0).

In  a ll cases, the  fluorescence inte ns ity  is found to 

follow a power law in  the  given te mpe r a ture  inte r 

val. For the  2P  tr ans it ions , the  fluorescence s ignal 

decreases w ith  te mpe ra ture . According to  (22), this  

be havior  implie s  th a t  a  >  —1 / 2  for the  correspond-
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Measured temperature dependence parameters for a selected group of air- fluorescence bands as given by AIRFLY [44] [68] and 
Fraga et al. [41]. Additionally, the value extracted from Fig. 6 of [69] for the entire wavelength range is given. A measurement 
in the 1N system had been reported by Lillicrap [70].

T a b le  3

AIRFLY [44] [68] Fraga et al. [41] Grün et al. [69] Lillicrap [70]

in AIR in NITROGEN

A (nm) O-v av a  a v

313.6 -0.09 ±  0.10

337.1 -0.36 ±  0.08 - 0.87 ±  0.15

353.7 -0.21 ±  0.09

391.4 -0.80 ±  0.09 - 0.92 a

> 300 - 0.79b

a This value is valid in the temperature range between 160 to 300 K. For lower temperature down to 78 K, a  seems to change 
to - 0.41.
b This value has been obtained from a plot in [69]. The method is very imprecise and we do not know any uncertainties for 
the data points in the plot. Thus, no uncertainties are provided for the value.

ing  uppe r  level. However, the  1N fluorescence  s ignal 

increases  w ith  T  and, thus , a  <  —1/2. T he  re sult of 

a fit to  the  e xpe r ime nta l d a ta  is shown in  T ab. 3.

Anothe r  e xpe r ime nt on the  te mpe ra tur e  de pen 

dence  was  pe rforme d by  Fraga  e t al., us ing pure  n i

t roge n [41]. T he y use a- particles  from a 241Am  ra 

dioac tive  source. Afte r  several thor ough tes ts  of sys-  

te matics , the  te mpe ra ture  dependence  of the  337 nm  

ba nd  of nitroge n was  ana lyze d. Dur ing  a te mpe r a 

ture  scan, the  de ns ity was  ke pt cons tant as in  the  

e xpe r ime nts  from A IRF LY [44]. A fit  to  the  me a 

s ured d a ta  points  yie lds  a value  of a  =  —0.87 ±  0.15 

cons is tent w ith  an incre as ing que nching cross sec

t io n  w ith  decreas ing te mpe ra ture . T his  re sult is also 

reviewed in  Tab. 3 for comparison.

T he  table  also re ports  the  me as ureme nts  of olde r 

e xpe r ime nts  in  pure  nitroge n carr ie d out by  Gr a n  

and Schoppe r  [69] as well as Lillic ra p [70]. Gr a n  and 

Schoppe r  me as ured the  T  depende nce  for the  inte 

gra l s pe c trum (>  300 nm ). T he  a- value  re por te d in  

T ab. 3 has  been obta ine d  from Fig. 6 of [69]. T he  re 

s ult  of a  =  — 0.79 is cons is tent w ith  th a t  of Fraga  et 

al., t h a t  is, fluorescence increases  w ith  T  a t  a s imila r  

rate . On  the  othe r  ha nd, Lillic ra p re por te d me as ure 

me nts  for the  1N (0- 0) ba nd  (391 nm). In  the  range  

160 -  300 K the  te mpe ra ture  dependence  indica te s  

an a- value  of a bout  —0.92, while  a t  lower te mpe r 

a ture  (78 -  160K) a  seems to  increase  up  to  about  

—0.41. T he  A IRF LY me as ure me nts  for the  1N (0- 0) 

ba nd  on a ir  c anno t be  compare d w ith  th a t  of Lilli-  

c rap for pure  nitroge n. As  pointe d out in  Sect. 3.2, 

the  a - parame te r  depends  on the  na ture  o f the  pa r t 

ners  and the  type  of inte ra c tion. In  pr inciple , its

value  for N- O collis ions  is expected to  be  diffe rent 

th a n  th a t  for N- N collis ions . Since  oxygen is a much 

more  efficient quencher , the  effect of N- O collis ions  

is expected to  dominate  in  the  te mpe ra ture  de pen 

dence  of the  air- fluorescence light. Similar ly, a com

par is on be tween the  re sults  for the  337 n m  ba nd  

2P(0- 0) of Fraga  et al. and  A IRF LY is not poss ible .

In  [71], the  re s ulting fluorescence emiss ion in  units  

of p h o to ns / m  of a 0.85 Me V e lectron in  the  E a r t h ’s 

a tmosphe re  is s hown for the  A IRF LY d a ta  and  Gr ün  

and Schoppe r  da ta . Because  of an a dd it io na l 1 / T - 

dependence  in  the  de ns ity- multiplica tion to  calcu 

la te  the  fluorescence e mis s ion in pho to ns / m , the  ef

fect of te mpe rature - de pe nde nt collis ional cross sec

t ions  is s tronges t for the  Gruün and Schoppe r  da ta . 

However, a caveat has  to be  applie d to  this  compar 

ison: the  a - parame te r  from Gr ün  and Schoppe r  has  

been me as ured in  pure  nitroge n and is used the re  

also for nitrogen- oxygen quenching.

In  s ummary, recent me as ureme nts  confirm a te m 

pe ra ture  dependence  of collis ional cross sections . 

Que nc hing cross sections  decrease w ith  increas 

ing  te mpe ra ture  for b o th  nitroge n- nitroge n and 

nitrogen- oxygen collis ions  and for b o th  mole cular  

sys tems , 1N and 2P. On ly  the  A IRF LY Collabora 

t io n  provide s  re sults  for air. T he  compar is on w ith  

me as ureme nts  on pure  nitroge n is difficult  s ince no 

in fo r ma t io n is available  on cross sections  for N- O 

collis ions . Fur the r  inve s tiga tions  are  r e comme nde d 

because  a re levance  for cosmic- ray me as ureme nts  

is indica te d . Espe cially, me as ure me nts  pe rforme d 

in  one  set- up w ith  b o th  gases, nitroge n and air , as 

well as for re pre s entative  bands  of the  2P  and 1N
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sys tem of nitroge n are  highly  welcome to  s tudy  the  

te mpe rature - de pe nde nt collis ional cross s ection for 

nitrogen- nitroge n and nitrogen- oxygen que nching.

5.3. H um id it y  de pe nde nce

Wate r  vapor  is an always  changing cons titue nt 

of the  E a r t h ’s atmosphe re . W it h  respect to  the  

fluorescence emiss ion, the  H 2O molecules  serve as 

an a dd it io na l que nching pa r tne r  for the  excited N 2 

molecules . Hence , (17) has  to  be  exte nde d by a te r m 

acc ounting for collis ional que nching due  to  wate r  

vapor .

Me as ureme nts  on wate r  vapor  que nching have  

been pe rforme d and re por te d a t  the  5 th Fluore s 

cence Works hop by A IRF LY [44][68], Sakaki et 

al. [72], and  Wa lde nmaie r  et al. (AIRLIGH T ) [50][73]. 

Some what earlie r, me as ure me nts  have  been re 

por te d  by Morozov et al. [56], Panche shnyi et 

al. [67][66], see e.g. [7], and  the  MAC F LY Collabo 

r a tion [52].

T he  A IRF LY gr oup me as ure d the  hum id ity  de 

pe nde nce  a t  a Van de Gr a a ff e le ctron accelera 

tor  [44][68], as the y d id  it  for the  te mpe ra ture , see 

Sect. 5.2. T he  fluorescence chambe r  was  filled w ith  

h igh pur ity  dr y  a ir  a t  a tmos phe ric  pressure . Before  

the  gas  ente red the  chambe r , it  was  flown thr ough a 

bubble r  c onta ining  hig h pur ity  wate r . T he  re lative  

h um id ity  in  the  chambe r  was  re gula te d from 0  to  

100% which is a bout  25 h P a  p a r t ia l pressure  unde r  

the ir  e xpe r ime nta l conditions . In  orde r  to  descr ibe  

the  wate r  vapor  quenching, A IRF LY used the  m o d 

ified func tion for 1 /P hMm, see (20). T he y re porte d 

values  for PH2O for the  wave le ngths  314 nm, 337 nm, 

354 nm, and  391 nm, see T ab. 4. T his  a ddit io na l 

source of que nching has  a non- negligible  effect, s ince 

the  fluorescence yie ld decreases by a bout  2 0 % for a 

r e lative  h um id ity  of 1 0 0 % at a tmos phe r ic  pressure  

and room te mpe ra ture .

Sakaki et al. excited hum id  air w ith  e lectrons  from 

a 90Sr source w ith  3.7 MBq, so th a t  each run  las te d 

a bout  1 week [72]. T he  fluorescence  yie ld was  me a 

s ured as func tion of specific h um id ity  for two bands  

of the  2P  s ys tem (337 nm, 358 nm) and the  mos t 

intense  1N b a nd  (391 nm). A func t ion e (P ) =  C  x 

P / (1  +  P / P ') is  fit te d to  the  d a ta  w ith  C  a nd  P  ' as 

fit t ing  parame te rs . T his  proce dure  allowed the  au 

thors  to  find  laws  of pho to n yie ld versus  a lt itude  d i

r e ctly applicable  to  a ir  shower analyses .

Anothe r  e xpe r ime nt w ith  90Sr was  pe r forme d by 

Walde nmaie r  et al. [50]. Here  the  a c t ivity  of the

source was  37 MBq  re s ulting in  runs  of a bout  30 

hours . On ly  the  las t 20 hours  were used in  the  ana l

ysis  to  ensure  s table  condit ions  of the  h um id ity  in  

the  chambe r . Ove ra ll, s ix runs  a t  15 -  17°C and 

30 h P a  of pure  nitroge n were obta ine d. Wa lde nmaie r  

et al. provide  wate r  vapor  que nching rate  cons tants  

for 2P  (v =  0 ,1 ) and 1N (v =  0), see Tab. 4.

A compar is on of the  obta ine d  values  w ith  Moro 

zov et al. [56] and Panche s hnyi et al. [67][66] shows 

th a t  the  que nching rate  cons tant from AIRLIGH T  

lies in  be tween these  two. T he  values  from A IRF LY 

agree quite  well w ith  those  from Morozov et al. T he  

re la tive ly  large  values  of Panche s hnyi et al. might  

be  due  to  the ir  me thod of mix ing  nitroge n w ith  wa 

te r  vapor  [56]. In  the ir  set- up oxygen a nd hydroge n 

were adde d to  the  nitroge n gas  and  for the  ana l

ysis  it  was  ass umed th a t  the  admix tur e s  to  nit r o 

gen were comple te ly  conve rted to  wate r  vapor  in  

the  cell. If  not a ll hydroge n and oxygen ha d  been 

conve rted to  wate r  vapor , the  a c tua l wate r  vapor  

pressure  could have  been lower th a n  expected, re 

s ult ing in  too high PH2O values . Also the  PH2O val

ues from MAC F LY [52] are  a bout  twice  the  values  

from A IRF LY re s ulting in  less que nching and hence  

highe r  fluorescence yie ld compare d to  AIRF LY. In  

the  MAC F LY e xpe r ime nt the  que nching ra te  con

s tants  have  been ca lcula te d us ing a combina tion of 

e xpe r ime nta l d a ta  and  mole cular  cons tants  from re 

s ults  publis he d previous ly.

5.4. A rgo n  e ffect

Argon contr ibute s  to  the  E a r t h ’s a tmosphe re  w ith

0.93% pe r  volume . W it h  respect to  the  nitroge n flu 

orescence emiss ion, three  pos s ible  effects of argon 

have  to  be  cons idered: ene rgy trans fe r  from argon 

to  nitroge n, dire ct fluorescence  light  e mit te d by a r 

gon, and  collis ional que nching of excited nitroge n 

molecules  w ith  a rgon.

Argon can be  excited from e lectrons  by

e +  Ar  ^  Ar* (31)

where  the  e x c ita tion cross s ection is large s t for 

Ar (3P 2) [74]. T his  e xc ita tion of a rgon is followed by 

an efficient ene rgy trans fe r  from argon to  nitroge n 

[69] via

Ar* +  N 2 ^  Ar  +  N2 (C 3n „ ) .  (32)

T he  reached excited s ta te  of nitroge n is the  known 

uppe r  level of the  second pos it ive  sys tem.

Unde r  ce r ta in conditions , mix ture s  of a rgon w ith  

wate r  vapor  migh t  e mit ultr a viole t  r a d ia t ion  a t
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Values for P-  ̂ 0  as measured by several experiments. Since different experiments used different techniques to obtain these 
values and some of them quote statistical uncertainties only, here no uncertainties are reviewed. Directly, the values are 
incommensurable, thus, we ask the reader to refer to the uncertainties in the original publications. All measurements were 
performed at room temperature varying from about 288 K up to 300 K.

T a b le  4

AIRFLY [44] AIRLIGHT [50] a Morozov et al. [56] a Pancheshnyi et al. [67][66] a 

Pïl20  (hPa)

MACFLY [52]

2P (v = 0) 1.28 1.92 1.31 2.47 2.94

P2 = 1) 1.27 2.13 1.39 2.67 2.63

2P (v = 2) 1.21 2.59 2.55

2P (v = 3) 2.19 2.25

1N (v = o) 0.33 0.39 0.76 0.76

a Inferred from measurements of quenching rate constants and lifetimes .

a r ound 310 nm. T he  m a in  c ontr ib ution comes  from 

the  t r ans it ion OH  A 2 S+  ^  X 2n  [75]. A de ta ile d 

s tudy  of this  t r ans it ion has  shown highes t inte ns i

ties  for ve ry low argon pressure  and 0.06 P a  wate r  

vapor . Because  of these  special conditions , the  flu 

orescence emiss ion of this  tr ans mis s ion will be  of 

no impor ta nce  for the  obse rvation of extens ive  air  

showers.

The  increase  of emiss ion by ene rgy trans fe r  from 

argon to nitroge n compe te s , however, w ith  a highe r  

que nching rate . T he  non- radia tive  de - excitation of 

nitroge n is caused by a dd it iona l collis ions  of nitr o 

gen w ith  a rgon a toms  in  air.

Alre ady  ve ry e ar ly Bunne r  s ta te d the  ne t effect 

of argon to be  less th a n  1% c ontr ibution to  the  flu 

orescence light  [16]. More  recently, A IRF LY me a 

s ured the  effect of a rgon while  compar ing  the  flu 

orescence yie ld from nitrogen- oxygen mix tur e  w ith  

d ry  air. T he y found th a t  the  effect of a rgon is com

ple te ly negligible  a t  a tmos phe r ic  pressure  [29].

5.5. Ene rgy  de pe nde nce

T he ore tica l re sults  on the  pro por tiona lity  be 

tween fluorescence inte ns ity  and de pos ite d energy 

have  been presented above  (Sect. 4.2.2). These pre 

dic tions  [55] indic a te  th a t  the  fluorescence yie ld is 

bas ica lly  inde pe nde nt of the  e lectron e ne rgy for the  

typica l e xpe r ime nta l s itua tions  in  this  fie ld. Nev

ertheless , e xpe r ime nta l tes ts  of the  pr opor tiona lity  

be tween de pos ite d ene rgy a nd  fluorescence  inte ns ity  

are  manda tor y.

Several groups  provide d d a ta  on this  topic . Two 

diffe rent e xpe r ime nta l me thods  have  been used for 

this  purpos e . Firs tly, in  a thick- targe t configura tion 

the  fluorescence inte ns ity  me as ure d as func tion of

the  shower de p th  is compare d w ith  the  ene rgy de 

pos ite d by the  shower, e ithe r  dire c tly  me as ure d w ith  

an appropr ia te  device  or ca lcula te d w ith  a Monte  

Ca r lo  code  (e.g. EGS4 , GE AN T ). Secondly, me a 

s urements  of the  fluorescence yie ld in  a thin- targe t 

e xpe r ime nt for var ious  e le ctron energies  provide  the  

re quire d d a ta  to  tes t this  propor tiona lity . Notice  

th a t  in  the  la tte r  te chnique  it  is necessary to  me a 

sure  the  fluorescence yie ld for well s eparate d elec

t r on  energies.

T he  F LAS H c olla bor a t ion me as ure d the  a ir  fluo 

rescence yie ld as a func tion of the  shower de pth  in  

a thick- targe t e xpe r ime nt for the  firs t t ime  [59]. As  

me ntione d above , this  e xpe r ime nt used 28.5 Ge V 

e lectrons  to  induce  an e le c tromagne tic shower w ith  

a compos ition s imila r  to  th a t  gene rate d by a 1018 e V 

cosmic ray. T he  authors  found th a t  the  r a tio  of me a 

s ured pho to mult ip lie r  s ignals  to  de pos ite d e ne rgy is 

cons tant in  the  full shower de p th  range  (2 -  14 ra di

a t ion  le ngths ) w ith in  5% unce r ta inty  (Fig. 12). T he  

dependence  of de pos ite d ene rgy on the  shower de 

ve lopme nt s tage , me as ure d by an ion chambe r , was 

found in  good agreement w ith  a s im ula t io n carr ied 

out w ith  EGS4 . Fig. 7 of [58] shows  the  re lative  value  

of the  fluorescence inte ns ity  as a func tion  of de pth  

for several ba nd  pass  filte rs . T he  fluorescence  inte n 

s ity  fits  well the  pre dictions  of an e mpir ica l depos i

t io n  mode l, see (1) in  [58].

Several e xpe r ime nts  have  carr ied out  dire ct me a 

s urements  of the  fluorescence yie ld as a func tion of 

energy. T he  MACF LY e xpe r ime nt me as ured the  flu 

orescence yie ld a t  1.5 Me V, 20 Ge V, and 50 Ge V 

us ing the  same  collis ion chambe r . MACF LY reports  

values  of 17.0, 17.4, and  18.2 pho tons / Me V, respec 

tive ly, w ith  unce r ta intie s  of a bout  13%. In  s ummary, 

the  MACF LY thin- targe t e xpe r ime nt found th a t  the
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shower depth (rad. lengths)

Fig. 12. Ratio of EGS4 predictions to weighted average of 
photomultiplier signals versus shower depth in the thick- tar
get experiment of the FLASH Collaboration [58].

fluorescence yie ld is inde pe nde nt  of ene rgy in  the  in 

te rval 1.5 Me V -  50 Ge V. Altho ug h  no me as ureme nt 

was  carr ie d out  for othe r  energies  ins ide  this  large  

inte rva l, no the ore tical pre dic tion suggests  a lack of 

p r opor tiona lity  ins ide  this  wide  inte rval.

The  MAC F LY Collabor a t io n  car rie d out  a thick-  

targe t e xpe rime nt [60] which s uppor ts  the  above  re 

s ult . T he  MACF LY thick- targe t e xpe r ime nt finds  

the  fluorescence yie ld to  be  pr opor t iona l to  the  de 

pos ite d ene rgy for a ll s tages  of showers  in it ia te d  by 

high- energy e lectrons  following a technique  s imila r  

to  th a t  of F LASH.

The  A IRF LY Collabor a t io n  makes  use of var i

ous  acce le rators  to  meas ure  the  fluorescence yie ld in 

several ene rgy inte rvals  (see Sect. 4.1.1 for more  de 

ta ils ). T he  obta ine d  values  for the  fluorescence yie ld 

are  compare d w ith  the  de pos ite d energies  ca lcula te d 

w ith  a full GEAN T 4  s imula t io n of the  e xpe rime nt 

[53]. Since  the  inte r - calibration be tween diffe rent en

e rgy inte rvals  has  not  ye t been achieved, the  re sult 

is only  va lid  ins ide  ene rgy inte rvals .

In  the  firs t place , the  inte rva l 0.5 -  15 Me V is cov

e red in  two s ubinte rvals  0.5 -  3 Me V and 3 - 1 5  Me V. 

In  b o th  cases the  fluorescence s ignal is pro por tiona l 

to  de pos ite d energy. In  the  second one, the  relativis-  

t ic  increase  is cle ar ly observed in  the  fluorescence 

s igna l. Since  3 Me V ene rgy is inc lude d in  b o th  s ub 

inte rvals , the  pr opor tiona lity  tes t covers the  whole  

inte rva l 0.5 -  15 Me V. A de via tion from pe rfect pro 

po r t io na lity  lower th a n  3% is r e por te d by AIRF LY 

in  this  inte rval. For the  inte rva l 50 -  420 Me V, me a 

s urements  of the  fluorescence yie ld tu r n  out to  be 

pro por tiona l to  the  de pos ite d ene rgy also w ith in  3% 

unce r ta inty. Fina lly , the  range  6  -  30 ke V is s tudie d,

find ing  p r opor tiona lity  w ith in  5%.

In  s ummary, A IRF LY shows th a t  the  fluorescence 

yie ld is inde pe nde nt of e le ctron ene rgy w ith in  several 

ene rgy inte rvals . Since  these  inte rvals  are ve ry large , 

the  A IRF LY da ta  provide  a good e xpe r ime nta l tes t 

of the  pr opor tiona lity  a s s umption which s hould be 

comple te d in  the  future  by me ans  of an abs olute  

c a libr a t ion in  the  whole  ene rgy range .

Othe r  e xpe r ime nts  r e por te d pr opor tiona lity  be 

tween de pos ite d ene rgy a nd  fluorescence inte ns ity  

a lthough w ith in  much smalle r  ene rgy inte rvals . T he  

AIRLIG H T  e xpe rime nt [50] d id  not find any notice 

able  dependence  of the  fluorescence yie ld on elec

t r on  ene rgy in  the  range  0.25 -  2.00 Me V. T his  tes t 

was  car rie d out  for several mole cular  tr ans it ions  in  

a pressure  range  of 50 -  800 hP a . As  will be  me n 

t ione d be low, these  authors  car rie d out a de ta ile d 

s imula t ion us ing GEAN T 4  to  de te rmine  the  e ne rgy 

de pos ite d in  the  chambe r.

Ka kim o to  e t al. [45] compare d the  fluorescence 

inte ns ity  me as ure d in  p h o to ns / m  w ith  the  e lectron 

ene rgy loss in  a ir  for several energies  in  the  range

1.4 Me V -  1.0 Ge V find ing propor tiona lity . A s imi

la r  compar is on of the  pho to n  yie ld (pho tons / m) of 

Nagano  et al. w ith  the  above  re sults  of Ka kim o to  et 

al. leads  to  the  s ame  conclus ion [46]. However, notice  

th a t  in  this  case the  as s umption has  to  be  made  tha t  

a ll ene rgy los t by the  e lectrons  is de pos ite d w ith in  

the  fie ld of view of the  opt ica l sys tem.

5.6. A bs o lu te  y ie ld

T he  available  re sults  on abs olute  values  of the  air-  

fluorescence yie ld are  s ummar ize d  in  T ab. 5. As  me n 

t ione d in  Sect. 3.3, diffe rent parame te rs  can be  used 

to  account for the  fluorescence inte ns ity  e mit te d by 

an e lectron be a m in  air . Some  e xpe r ime nts  re port  

re sults  on the  numbe r  of fluorescence photons  pe r  

e le ctron and un it  p a th  le ngth, i.e . the  e A [m- 1] value , 

while  othe r  publica tions  give  the  re sult in  numbe r  

of photons  pe r un it  of de pos ite d energy, i.e. the  def

in it io n  of fluorescence yie ld in  this  a rticle . Differ 

e nt  e xpe r ime nts  meas ure  the  fluorescence inte ns ity  

in  diffe rent s pe ctral inte rvals  r a nging  from nar row 

ba nd  (e.g. 337 nm) to  wide  s pe ctral inte rvals  (e.g. 

290 -  440 nm ). In  a ddit ion, ve ry ofte n re sults  are 

referred to  diffe rent pressures  a nd / o r  te mpe rature s .

Ka kim o to  e t al. [45] r e por te d a value  for the  flu 

orescence efficiency for the  337 n m  ba nd  of $3 3 7  =  

2 .1x  10- 5  a t  800 hP a  and 288 K. Therefore , the  fluo 

rescence yie ld a t  these  condit ions  e quals  5.7 Me V- 1.
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Experimental results on absolute values of the air- fluorescence yield at room temperature and atmospheric pressure in the 
wavelength interval shown in the third column. Measurements are carried out at the energy given in the second column. Results 
are split depending on the units used by the authors. For more details see text.

T a b le  5

Experiment E A P T Fluorescence yield

wide spectrum 337 nm

[MeV] [nm] [hPa] [K] [m x] [MeV- 1] [m- 1] [MeV- 1]

AIRFLY [62] 350 337 993 291 4.12 a

FLASH [51] 2.85X104 300 -  420 1013 304 20.8

Lefeuvre et al. [54] 0.85 300 -  430 1013 288 4.23

Nagano et al. [47] 0.85 300 -  406 1013 293 3.81 1.02 5.03

300 -  430 4.05

MACFLY [52] 1.5 290 -  440 1013 296 3.14 17.6

2 .0 X104 4.22

5.0X104 4.44

AIRLIGHT [50] 0.25 -  2.00 337 1013 293 5.68

Kakimoto et al. [45] 1.4 -  1000 300 -  400 800 288 5.7

Preliminary, since the final absolute calibration is pending.

Ka k im o to  et al. used for the  c o m puta t io n  of $ 337 

the  ene rgy loss of the  e lectron in  the  chambe r  as a 

meas ure  of the  de pos ite d energy.

Nagano  et al. [47] provide  the  abs olute  numbe r  of 

photons  pe r  me te r  a t  293 K and an average  ene rgy of

0.85 Me V for ind iv idua l mole cular  bands , in  pa r t ic u 

la r  the  337 n m  one  as well as the  inte gra l value  in  two 

s pe ctral inte rva ls  of inte res t  (300 -  406 n m  and 300

-  430 nm ). A fluorescence yie ld for the  337 n m  ba nd  

of 5.03 pho to ns / Me V a t 293 K and 1013 hP a  is eas 

ily  infe rre d from the  $ 037 a nd  P 337 values  re porte d 

in  this  work. In  pr inciple , the  pos s ible  effect of sec

ondarie s  e scaping the  fie ld of view (see Sect. 4.1.4) 

is no t  tr e a te d in  this  work. T he  quote d unce r ta inty  

is 13%.

At  the  s ame  average  ene rgy Lefeuvre  et al. [54] 

re por t  a value  of 4.23 ph o to n s / m  in  the  range  300

-  430 n m  a t 288 K and 1013 hP a . These me as ure 

me nts  lack from a s ys tematic  s tudy  of the  pressure  

dependence  of the  fluorescence yie ld and, therefore , 

the y  cannot  provide  P  ' values . Altho ug h  the  wave 

le ngth s pe c trum was  regis te red us ing a monochro 

ma tor , r e lative  inte ns itie s  were no t  me as ured and, 

consequently, the  abs olute  value  of the  fluorescence 

yie ld for the  337 n m  ba nd  was  not re porte d. Ac 

cording to  the ir  calculations , a ve ry s mall correction 

for the  effect of los t s econdary e lectrons  has  to  be  

applie d. T he  authors  c la im to  have  achieved an ex

t r e me ly high accuracy (5.0% unce r ta inty).

The  A IRLIG H T  e xpe rime nt [50] provide s  results

on the  que nching ra te  cons tants  and life times  for 

several mole cular  bands . T he  ene rgy de pos ite d in  

the  chambe r  was ca lcula te d us ing GEAN T 4  show

ing  th a t  a non- negligible  cor rection is necessary, in  

pa r ticula r , a t  h ig h ene rgy and high pressure . T he  

authors  give  re sults  on the  fluorescence yie ld a t  zero 

pressure  w ith  a s ys te matic  unce r ta inty  of a bout  15% 

which, combine d w ith  que nching rate  cons tants  and 

life times , allows  to  de te rmine  the  abs olute  value  of 

the  air- fluorescence yie ld for any pressure  and te m 

pe ra ture  for several mole cular  bands . As  an e xam

ple , the  pre dicte d value  a t  293 K and a tmos phe r ic  

pressure  for the  337 n m  ba nd  is s hown in  Tab. 5.

Three  e xpe r ime nts  have  carr ie d out  abs olute  me a 

s urements  of the  air- fluorescence yie ld us ing high-  

ene rgy e lectrons . T he  F LAS H Collabor a t ion, work

ing  w ith  28.5 Ge V e lectrons , re ports  abs olute  values  

in  the  s pe ctral r ange  300 -  420 n m  a t several pres 

sures in  the  inte rva l 67 -  1013 hP a  and 304 K te m 

pe ra ture . T he  value  a t  a tmos phe r ic  pressure  is 20.8 

pho tons / Me V. T he  authors  pe rforme d an abs olute  

c a libr a t ion by compar is on w ith  the  Ray le igh s cat 

te r ing from a nitroge n laser. An  unce r ta inty  of this  

abs olute  value  be low 8 % is re por ted.

T he  MAC F LY Collabor a t ion  measures  the  abso 

lute  fluorescence  yie ld in  the  s pe ctral r ange  290 -  

440 nm  a t 296 K. T he  authors  re por t  re sults  in  pho 

t o n s / m  a t thre e  e le ctron energies, 1.5 Me V, 20 Ge V, 

and 50 Ge V. A compar is on of these  numbe rs  w ith  

the  ene rgy de pos ite d in  the  chambe r  according to  a

a
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GEANT 4  s imula t ion leads  to  an averaged fluores 

cence yie ld value  of 17.6 pho to ns / Me V for the  above  

me ntione d s pe ctral range  and te mpe ra ture . Accord 

ing  to  the  authors , the  unce r ta inty  of this  re sult is 

a bout  15%.

Fina lly , the  A IRF LY Collabor a t ion  carr ied out 

s ys te matic s tudies  on the  dependence  of the  flu 

orescence yie ld on pressure  and  e lectron energy. 

As  me ntione d above , this  co lla bor a t ion has  devel

ope d a nove l me thod for the  abs olute  ca lib r a t io n of 

the  e xpe r ime nta l s ys tem bas ed on the  comparis on 

w ith  Che re nkov r a dia t io n  gene rate d by the  e lectron 

be am. T he  A IRF LY Colla bor a t io n  carr ie d out a de 

t a ile d GEAN T 4  s imula t ion to  de te rmine  accura te ly  

the  ene rgy de pos ite d ins ide  the  fie ld of view of the  

opt ic a l sys tem. A care ful analys is  of the  various  

contr ibutions  to  the  s ys te matic  unce r ta intie s  leads  

the m to  conc lude  cons e rvative ly th a t  r e ducing the  

unce r ta inty  be low the  10% level is achievable . Us ing 

an e lectron be am of 350 Me V, a pr e limina r y  re sult 

of 4.12 pho to ns / Me V for the  337 n m  ba nd  a t  291 K 

is given. Fur the r  me as ureme nts  and  checks will le ad 

in  a near  future  to  a fina l re sult for the  abs olute  

value .

A compar is on of e xpe r ime nta l re sults  whe n ex

pressed in  diffe rent unit s  is no t s tr a ightforward. As 

s uming a fixed wave le ngth inte rva l, pressure  and 

te mpe ra ture , re sults  in  p h o to n s / m  could be  tr ans 

la te d to  pho to ns / Me V as far  as the  de pos ite d energy 

(w ith in  the  fie ld of view of the  opt ica l sys tem) per 

un it  p a th  le ngth and  e lectron is known.

Re sults  on this  pa rame te r  have  been ca lculate d 

us ing EGS4  or GEAN T 4  for several e xpe r ime nta l 

configura tions  [52][51]. In  [55], a s im ula t io n a t  m i

croscopic level gives  re sults  in  good agree me nt w ith  

those  me ntione d above . T he  re sults  of [55] indica te  

th a t  de pos ite d ene rgy pe r  un it  c o lumn de ns ity is 

only  s moothly  de pe nde nt on the  pr oduc t  of pressure  

and r adia l size of the  obs e rva tion volume .

For the  compar is on of diffe rent me as ure me nts  in  

the  same units , as s uming s imila r  geometry, b u t  in  

diffe rent s pe ctral ranges , the  re lative  inte ns itie s  a nd 

the  charac te ris t ic  pressures  are needed.

In  [55], a proce dure  for the  compar is on of abso 

lute  values  expressed in  diffe rent units  and for dif

ferent s pe ctral ranges  based on the  above  a rgume nts  

is s hown. Since  d a ta  on re lative  inte ns it ie s , PV val

ues, and  de pos ite d ene rgy pe r  me te r  in  a pa r t ic u 

la r  configura tion have  unce r taintie s , this  proce dure  

does  no t  allow to  compare  high- accuracy meas ure 

me nts , neverthe less  it  can be  use ful for a compar i

son of e xpe r ime nta l d a ta  a t  the  level of a bout  15%

unce r tainty .

6 . T h e  flu o r e s c e n c e  lig h t  y ie ld  in  t h e  

a t m o s p h e r e

For cosmic- ray e xpe rime nts , the  me as ure me nt of 

the  nitroge n fluorescence emiss ion is the  mos t dire ct 

me thod to  de tect the  lo ng itud ina l profile  of exten

s ive air  showers . For the  event r e cons truc tion pro 

cedures  of these  air shower expe r ime nts , the  knowl

edge of the  fluorescence yie ld a nd  its  dependence  on 

a tmos phe r ic  conditions  are c rucia l parame te rs . T he  

pr inc iple  of air  shower de te c tion w ith  fluorescence 

light  has  been discussed above  (Sect. 2.1). T he  mos t 

re levant a lt itude  range  for u lt r a  high- energy cosmic 

rays  is be tween ground level and  a bout  13 km  above  

sea level (a .s .l.). T he  shower m a x im um  is re ached be 

tween 2 and 8 km  a.s .l. for a shower w ith  1019 eV, de 

pe nding on type  and inc lina t io n  angle  of the  pr im ar y  

par ticle . T he  fie ld of view of the  fluorescence te le 

scopes of a ir  shower e xpe r ime nts  covers this  range . 

For  e xample , the  Auge r  te lescopes  oversee the  sky 

be tween 0.7 km  a nd  12.5 km  above  the  a lt itude  of 

the  Pie rre  Auge r  Obs e rvatory, 1.4 km  a.s .l., a t  a dis 

tance  of 2 0  km.

Up to  a t  leas t 80 km  a.s .l., it  is safe to  assume 

a cons tant compos ition of the  E a r t h ’s atmosphe re  

which is m a in ly  78.08% N2, 20.95% O 2, and  0.93% 

Ar  pe r  volume . All three  cons titue nt  par ts  influence  

the  e mis s ion of fluorescence light, however, w ith  

s trongly diffe r ing impor ta nce . As  a lre ady discussed 

thr oughout  this  s ummar y  a rticle , emiss ion from 

nitroge n is the  do m in a n t  light. T he  contr ibution 

of a rgon has  been discussed in  Sect. 5.4. T he  UV-  

fluorescence light  emiss ion from O 2 is ne gligible  [76]. 

T he  c ontr ibution be tween 300 and 400 n m  s tems  

from O+ A2n u - X 2n g tr ans it ions . However, the ir  

inte ns itie s  are  ne gligible  as compare d w ith  those  of 

nitroge n. T he  emiss ion of a tomic  oxygen has  wave 

le ngths  large r  th a n  395 nm, up  to  845 n m  [76], but  

w ith  no re levance  for a ir  shower expe rime nts .

To compare  the  fluorescence light  profiles  in  

the  E a r t h ’s a tmos phe re , in  former discus s ion of

te n an e lectron ene rgy of 0.85 Me V has  been cho 

sen. These e lectrons  lose the ir  ene rgy m a in ly  by 

ioniza t io n and the  ene rgy de pos it  is d E / d X  =

0.1677 Me V/ kg  m - 2 [46]. To o b ta in  a light  profile  

induce d by an extens ive  a ir  shower, the  long itudi

na l profile  of the  loca lly  de pos ite d ene rgy E dep pe r  

g c m - 2  has  to  be  known. A re s ultant numbe r  of 

fluorescence photons  e A w ith  wave le ngth A pe r  un it
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h e i g h t  a .s . l .  ( k m )

Fig. 13. Fluorescence yield profile for different wavelengths 
in the US Standard Atmosphere. The blue curves represent 
the fluorescence yield accounting for the \ /T- dopoiidoiico 

only, compare to Fig. 3 in [78]. The red curves account 
for the entire temperature dependence, thus including the 
temperature- dependent collisional cross sections [71], with 
parametrization given from AIRFLY [68].

pa th  le ngth is the n given as

fc A  =  ^ A  ' ~j '  E d e p  ' P a i r • ( ^ 3 )

T he  a ir  de ns ity pair is t h a t  a t  the  pos it ion of the  

ene rgy de pos it , thus , where  the  photons  are  e mit 

ted. Ya  is  the  fluorescence yie ld inc luding  a ll te mpe r 

a ture , pressure , and  hum id ity  dependences  as dis 

cussed in  Sects . 5.2, 5.5, and  5.3, respectively. W it h  

re gard to  extens ive  a ir  showers , the  t r ans it ion from 

the  fluorescence yie ld Ya  in  photons  e mit te d pe r  de 

pos ite d ene rgy to  the  numbe r  of fluorescence pho 

tons  e A pe r  un it  p a th  le ngth is s tr a ightforward be 

cause  a ll s econdary e lectrons  involved in  the  fluores 

cence process  are in  the  obse rved volume . No b o und 

a ry  effects as for labor a to ry  me as ureme nts  have  to 

be  cons ide red as discussed in  Sect. 4.2.

Before  this  works hop, only the  i/T - depe nde nce  

and the  pressure  dependence  have  been take n in to  

account. In  the  E a r t h ’s a tmosphe re  as descr ibed 

in  the  US S ta nda r d  Atmos phe re  [77], the  te mpe r a 

ture  decreases up  to  11 km  a.s .l. w ith  a continuous  

lapse  ra te  of 6.5 K/ k m . For  highe r  a lt itude s , un 

t il 2 0  km  a.s .l., the  te mpe r a ture  re mains  cons tant. 

Above , the  te mpe ra ture  increases  aga in un t il the  

s tr a topaus e  a t  a r ound 50 km  a.s .l. T his  te mpe r a 

ture  profile , toge the r  w ith  the  pressure  profile  of the  

a tmos phe re , affects  the  fluorescence yie ld in  the  a t 

mos phe re  diffe re ntly for each ba nd  s ys tem due  to 

diffe rent de a c tiva tion cons tants . In  Fig. 13, the  blue  

curves  represent the  fluorescence yie ld accounting 

for the  i/T - depe nde nce  [78].

A de ta ile d c a lcula tion  of the  fluorescence emis-

Fig. 14. Relative difference for the fluorescence light profiles 
in the US Standard Atmosphere with a 0.85 MeV electron 
as incident particle of the two parametrizations, (34) and 
(29) compared with the detailed calculation of [78].

Table 6

A and B values in 10 bands between 300 and 400 nm as 
given by Nagano et al. [47].

Main A (nm) A (m"kg- 1) B (m3kg H i- 1/ 2)

316 20.5 ±  1.3 2.14 ± 0.18

329 3.91 ±  0.35 1.22 ± 0.14

337 45.6 ±  1.2 2.56 ± 0.10

354 3.68 ±  0.39 1.60 ± 0.21

358 37.8 ±  2.3 2.72 ± 0.22

376 6.07 7.50.± 1.44 ± 0.17

381 12.7 ±  1.4 2.53 ± 0.35

391 50.8 ±  2.1 9.80 ± 0.51

394 2.25 ±  0.78 2.03 ± 0.79

400 4.58 ±  0.44 2.03 ± 0.23

s ion inc luding  a tmos phe r ic  effects w ith  cons tant col

lis ional cross sections  a Nx,v has  been compare d in  

Ke ilhaue r  et al. [78] w ith  parame tr iza tions  of the  al

t itude  dependence . Nagano  et al. provide d pa r a m 

eters  A a and  B a for all 10 wave lengths  the y me a 

s ured be tween 300 a nd  400 nm, see T ab. 6 , des cr ibing 

the  fluorescence light  emiss ion pe r  un it  p a th  le ngth 

as [47]

Ka k im o to  et al. r e por te d only  one  set o f parame te rs  

A i ,2 and  B i,2, see Tab. 12 in  [7], in  orde r  to  descr ibe  

the  entire  wave le ngth range  w ith  (29). Compa r ing  

only  the  a lt itude  dependence  in  the  US Sta nda rd  

Atmos phe re  [77], as s uming an e qual abs olute  num 

be r  of fluorescence photons  a t  ground, shows  a quite  

good agreement, see Fig. 14.
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a lt i tu d e  (k m )

Fig. 15. Ratio of fluorescence yield with measured a\  to the 

one with a\  = 0: dashed line 313.6 nm; full line 337.1 nm; 
dotted line 353.7 nm; dashed- dotted line 391.4 nm [44].

A fur the r  analys is  of the  a lt itude  dependence  has  

been pe rforme d for the  a tmos phe ric  conditions  at  

the  s ite  of the  Pie rre  Auge r  Obs e rva tory [78]. Four  

seasonal a tmos phe r ic  mode ls  have  been deve loped. 

T he  fluorescence light  induce d by  a 0.85 Me V elec

t ron, a pply ing  the  well- known dependences , has  

been compare d to  th a t  expected in  the  US Sta nda r d  

Atmosphe re , see Fig. 5 in  [71] 10 . T he  differences 

for the  Arge ntine  seasons compare d w ith  the  US 

Sta nda r d  Atmos phe re  are  well be low ± 5% [78].

Int r oduc ing  also the  effect of tempe rature -  

depe nde nt collis ional cross sections , see Sect. 5.2, 

the  re duc t ion of the  fluorescence yie ld is s ignificant. 

T he  red curves  in  Fig. 13 are the  fluorescence  yie ld 

acc ounting for b o th  te mpe r a ture  effects w ith  da ta  

from AIRF LY. T he  re lative  differences  of the  yie ld 

w ith  b o th  effects compare d to  the  fluorescence yie ld 

jus t  w ith  the  i/T - depende nce  can be  seen in  Fig. 15. 

T he  ove rall r e duc tion for the  wave le ngth range  be 

tween 300 and 400 nm is dom ina te d  by  the  re duc 

t io n  of the  337 n m  ba nd  up  to  18 km  a.s .l., so tha t  

these  two curves  would lie  on top  of each othe r . For 

highe r  a lt itude s , the  contr ibutions  of othe r bands  

become  more  im p o r ta n t  a nd  the  ove rall r e duc tion 

increases  compare d to  t h a t  of the  337 n m  band.

Apply ing  this  dependence  to  the  ca lcula t ion of the  

light  emiss ion profiles  of extens ive  air  showers , the  

expected shower light  profile  of an Fe - induced cas 

cade  w ith  1019 e V is re duce d by 2.7% up  to  7.5% 

de pe nding  on inc lina t io n  of the  shower and  the  at-

10 In the nomenclature of this summary article, the fluores

cence yield shown there corresponds to s\ .

Fig. 16. Fluorescence yield Y\  in the US Standard Atmo
sphere only with pressure and \ /T- dependence together with 

the fluorescence yield as expected in Argentine atmospheres 

accounting for all newly known dependences. The tempera
ture- dependent collisional cross sections are taken from AIR-  

FLY [44] [68] and the collisional cross sections due to water 
vapor are measured by Waldenmaier et al. [50][73].

Fig. 17. Relative difference of the fluorescence yield Y\  in Ar 
gentine atmospheres with the latest results of pressure, tem

perature, and humidity dependences to that in the US Stan
dard Atmosphere only with pressure and \ /T- dependence.

mosphe ric mode l [71]. T he  values  give n here  refer to 

Arge ntine  s easonal a tmos phe ric  mode ls  as used for 

the  Pie rre  Auge r  Obs e rva tory [13].

These s easonal a tmos phe ric  mode ls  have  been 

used to  s tudy  fur the r  the  a lt itude  dependence  of 

the  fluorescence yie ld. In  orde r  to  inc lude  the  hu 

m id ity  dependence , seasonal average  profiles  of the  

re lative  h um id ity  a t  the  s ite  of the  Pie rre  Auge r  

Obs e rva tory have  been obta ine d  by me teorologica l 

r adio s oundings  dur ing  night- t ime  [71]. As  a re sult 

of the  ne wly me as ured te mpe ra ture  and  hum id ity  

dependences , Sect. 5.2 a nd  5.3, combine d w ith  the  

well- known dependences  on tempe ra tur e  and pres 

sure, also Sect. 5.2 and  5.5, the  fluorescence yie ld 

changes  s ignificantly  in  the  E a r t h ’s atmos phe re . 

Fig. 16 displays  in  the  US S ta nda r d  Atmos phe re
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Fig. 18. Fluorescence light profiles for average iron- induced 
air showers with 1019 eV with vertical incidence [71]. For 

the profiles in Argentine atmospheres, all newly measured 

altitude dependences are taken into account. For the US 
Standard Atmosphere  only the  pressure and v^- de pende nce  

have been considered.

Fig. 19. Difference of the fluorescence light profiles in Argen
tine atmospheres to that in the US Standard Atmosphere as 
shown in Fig. 18 [71].

only  w ith  pressure  and %/T- dependence toge the r  

w ith  the  fluorescence yie ld as expected in Arge ntine  

atmos phe re s  acc ounting for a ll ne wly known de pen 

dences. T he  re lative  difference  of the  fluorescence 

yie ld w ith  the  late s t  re sults  to  t h a t  in  the  US Sta n 

da r d  Atmos phe re  w ith  the  well- known dependences  

is of the  orde r  of 10%, as can be  seen in  Fig. 17.

To e s timate  the  impor ta nce  of the  ne wly me a 

sured a lt itude  dependences  on re cons truc ting 

shower profiles , average  iron- induce d a ir  showers 

w ith  E 0 =  1019 e V have  been s imula te d w ith  COR-  

S IKA [79] in  [71]. T he  fluorescence light  profile  

for the  case of ve r tica l incide nce  can be  seen in 

Fig. 18 and  the  corre s ponding difference  in  Fig. 19. 

T he  expected light  of the  a ir  shower is re duce d by

11.1% dur ing  s umme r , 8.9% dur ing  a u tum n, 7.3% 

dur ing  s pr ing, and  6 .8 % dur ing  winte r  [71]. For 

the  same shower w ith  60° inc lina t ion, the  expected

light  is re duce d by 8.4% dur ing  winte r , 8.1% dur ing  

s pr ing and a utum n, and 8.0% dur ing  s umme r . T he  

s ame  ca lcula tions  have  been pe rforme d for proton-  

induce d air  showers . T he  re duc tion of the  expected 

light  is increased by a bout  0.5% compare d to  the  

numbe rs  of the  iron- induce d cascade  [71]. Hence, 

accounting for the  ne wly me as ure d a lt itude  de pen 

dences in  the  re cons truc tion of the  p r im a r y  ene rgy 

of the  shower, the  p r im a r y  ene rgy will be  increased 

by this  a mount  as compare d w ith  the  former mode l 

ca lculations .

7. S u m m a r y  a n d  O u t lo o k

T he  5 th Fluorescence  Wor ks hop has  br ought to 

ge the r  e xpe r ime nta l and the ore tical expertise  from 

ar ound the  wor ld to  discuss  the  s ta tus  of the  de te r 

m ina t io n  of the  fluorescence light yie ld of e lectrons , 

im p o r ta n t  for a ir  shower obse rvations . It  can be  re 

a lize d w ith  pleasure  th a t  over the  las t years  s ignifi

cant progress  has  been achieved in  bo th , e xpe rime n

t a l and  the ore tical work.

Conve rgence  has  been achieved in  several aspects  

be tween the  diffe rent groups . Mos t im p o r ta n t  for air  

shower obse rvations  is the  fluorescence light yie ld of 

nitroge n, s ince the  contr ibutions  of dire ct e xc ita tion 

of oxygen and argon seem to  be  negligible . Hence , in 

ve s tigations  focus  on the  fluorescence  light  emiss ion 

of nitroge n. T he  pos it ion of the  mole cular  bands  in  

the  fluorescence light  s pe c trum is well known. Ac 

curate  me as ure me nts  of the  re lative  inte ns itie s  a t 

typica l labora to ry  condit ions  have  been presented. 

Also hig h pre cis ion values  of the  charac te ris t ic  pres 

sures have  been re porte d, a lthough full agreement 

is s t ill mis s ing. High- precis ion P  ' values  allow accu

r a te  pre dic tions  on the  re lative  fluorescence  inte n 

s ity  a t  any a tmos phe r ic  c ondit ion o f inte res t  for air  

shower re cons truc tion. T he  pr opor tiona lity  be tween 

fluorescence inte ns ity  and  de pos ite d ene rgy seems to 

be  prove d from b o th  e xpe r ime nta l and the ore tical 

s ides. Re ce nt inve s tiga tions  reveal t h a t  the  de pen 

dence  of the  light  yie ld on te mpe ra ture  and hum id ity  

can not be  neglected. In  re alis t ic  atmos phe re s  effects 

up  to  10% can be  expected. Fur the r  me as ure me nts  

are  necessary to  c la r ify the  s itua tion.

A precise de te r mina t ion of the  abs olute  light  yie ld 

is e xtreme ly difficult  and  s till needs  more  e xpe rime n

t a l da ta . For a compar is on of the  values  obta ine d  by 

diffe rent groups , it  would  be  use ful if the  s ame  con

cept is used. T he  pa r tic ipants  agreed to  specify the  

fluorescence light  yie ld in  photons  pe r  ene rgy depo 
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s it ion (pho tons / Me V). T his  q ua n t ity  is mos t useful 

to  conve rt  the  obse rved light  yie ld into  a calorimet-  

r ic me as ure me nt of the  ene rgy of an air  shower. The  

usage  of this  un it  is s trongly e ncouraged.

The  ope n que s tions  are pres ently addressed by 

several groups . T he  works hop pa r tic ipants  ex

pressed the ir  hope  to  achieve  convergence  on the  

ope n issues s oon (1 — 2 years).
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