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Tableau 1.1: Composition isotopique d’oxygène selon la CAWIA ("Commission on Atomic
Weights and Isotopic Abundances"[19])

_' &)('(,(-(./*  A-'! 1)+%2-+! 6 ! &%7%&!'2!8 !"( -'! !"*;2! 2:#1#B-!  #$%&0'(

 A-'! 0-(&! -'#B-!1!'( *0& +! 2:0',!1!'( #")()*#B-!  A-' )- *+-"#!-&" 0()1!"N +0 "(&-2G

(-&! 2:#1#B-!  !1!-&0'( *0&70#(!1!'( # !'(#B-! O\]R. E!

16
M3 !( +!

16
M2

18
M ")'(  !"

#")()*)+),-!"  ! +A)C)'!.

\



 ! ! "#$%&'&(%) *' +(%+*,')

 !" &)('(,(-./*) #$ &)(-./*) &)('(,&01*) "#%& '!" ("#)*+!" ,-#).#"/" '! )0)!

1#+)$2! -3()(4$!5 676%& 26 )0)! "$8"&(&$&(#% ("#&#.(4$!9 )6(" 4$( '(:*+!%& .6+ 2!$+

.#"(&(#% ;<=>? @!

16
A

16
A

18
A !& 2!

16
A

18
A

16
A "#%& '!" ("#&#.#)*+!"?

 ! !" #$%&'()**+,+*' (-)').(/0+1 %'),(/0+ )0 ,)23&02%($+

@! 2/3+'&(%%*-*%' &)('(,&01* !"& 2! .6+&(&(#%%!)!%& ,26 "/.6+6&(#%5 'B("#&#.!"

C ("#&#.#2#D$!" C ("#&#.#)*+!" 'B$% /2/)!%& ,6&#)! #$ )#2/-$2!5 "$(&! E '!" .+#-!""$"

.37"(-#F-3()(4$!"? A% !% '("&(%D$! '(:/+!%&" &7.!" G

4501&6&7/&1- &)('(,* 2/3+'&(%3'&(%4 4$( !"& 2! .6+&(&(#%%!)!%& 'B("#&#.!" C ("#&#F

.#2#D$!" C ("#&#.#)*+!" !%&+! '!" "$8"&6%-!" E 2B/4$(2(8+! -3()(4$!? H2 !"& &+*"

().#+&6%& E 86""! &!)./+6&$+! !& !"& ,6I!- 2! JK(%!&(- ("#&#.! 1+6-&(#%6&(#%J5 E 26

86"! '!" .62/#&3!+)#)*&+!" ("#&#.(4$!" ,.+#L(!" -2()6&(4$!"5?

48&%*'&+ &)('(,* 2/3+'&(%3'&(%4 !"& 2! .6+&(&(#%%!)!%& 4$( .6+6(& 2#+"4$! 2!" ("#F

&#.!" C ("#&#.#2#D$!" C ("#&#.#)*+!" "#%& "/.6+/" "$(I6%& 2!$+ )6""! 2#+" '! .+#F

-!""$" $%('(+!-&(#%%!2"? H2 "$+I(!%& "$(&! E '!" .+#-!""$" '! '(:$"(#%9 -#%'!%"6&(#%9

/I6.#+6&(#%9 ???

493)):&%;*,*%;*%' &)('(,* 2/3+'&(%3'&(%4 4$( "! +/1*+! E &#$& .+#-!""$" .37"(-#F

-3()(4$! 4$( &!%' E .6+&(&(#%%!+ 2!" ("#&#.!" '6%" '!" +6&(#" 4$( %! "#%& .6"

.+#.#+&(#%%!2" E 26 '(:/+!%-! #$ 2! +6..#+& '! )6""! '!" ("#&#.!"? @6 %#&(#% '!

J)6""F(%'!.!%'!%& ("#&#.! 1+6-&(#%6&(#%J %B6 '! "!%" 4$! "( #% '(".#"! 'B6$ )#(%"

&+#(" ("#&#.!" C ("#&#.#2#D$!" '$ )0)! /2/)!%&?

M#%"('*+#%" 2!" &+#(" ("#&#.!" "&682!" '! 2B#L7D*%!

16
A9

17
A !&

18
A? N% .#"6%&

17R =17 O/16O9 2! 1+6-&(#%%!)!%& ("#&#.(4$! !"& #8&!%$ E .6+&(+ '! 26 +!26&(#% G

17Rech
17Rref

=

(

18Rech
18Rref

)β

,O?O5

R +!.+/"!%&6%& 2B68#%'6%-! ("#&#.(4$!9 ech !& ref '/"(D%!%& +!".!-&(I!)!%& 2B/-36%&(22#%

6%627"/ !& 26 +/1/+!%-!?

@!" 68#%'6%-!" ("#&#.(4$!" .!$I!%& /D62!)!%& 0&+! !L.+()/!" .6+ 2!" δ ,!% .#$+

)(25 G

δ(h) =

(

Rech

Rref
− 1

)

× 1000 ,O?<5

P#$+ '!" !:!&" ("#&#.(4$!" 16(82!"9 26 +!26&(#% ,O?O5 !"& 6..+#L()/! .6+ G

δ17O = β
(

δ18O
)

,O?Q5

Q



 ! ! "#$%&'&(%) *' +(%+*,')

 ! !" #$%% &'(')*')+ '+ #$%%,-)*'(')*')+ ./$0+12)$+12)

 !" #$%&'(!" "#)*+)'+,-. /0. //1 (+!*#(2!*# / #34!" +! 4'&5!""6" 5&77! %#)*# 8

9) :)"! +6 ;')5#(&**!7!*# ("&#&4(<6! +)*" 9) *)#6'! = 9!" 4'&5!""6" +>%<6(9(:'! !# 9!"

4'&5!""6" 5(*%#(<6!" ?9(%" 8 9) @(#!""!. +&*5 )6A 7)""!"BC D!" 4'&5!""6" ?+>%<6(9(:'!

!# 5(*%#(<6!B &*# !* 5&776* <6! 9! ;')5#(&**!7!*# ("&#&4(<6! &:#!*6 4'%"!*#! 6*!

+%4!*+)*5! )@!5 9) @)'()#(&* ("&#&4(<6! +! 7)""! = @)'()#(&* +! 7)""! )#&7(<6! 4&6'

9!" 4'&5!""6" +>%<6(9(:'! !# +! 7)""! !E!5#(@! 4&6' 9!" 4'&5!""6" 5(*%#(<6!" ,//1C F*

4)'9! )9&'" +! G !"" #$%$&#$&' ()!*'+,&!'+,&GC  !" 4'&5!""6" G7)"" +!4!*+!*#G

"&*# 5)')5#%'("%" 4)' 6* β 4'&5$! +6 ')44&'# +!" 7)""!" H +)*" 9! 5)" +! 9>&A3IJ*!. &K

9>&* 4'!*+ !* 5&74#! 9!" ("&#&4&9&I6!"

16
F.

17
F !#

18
F β ≃ 0.5281C

β =
m[17F]−m[16F]

m[18F]−m[16F]

L* 4')#(<6!. "6(@)*# 9!" 4'&5!""6" G7)"" +!4!*+!*#G 5&*"(+%'%". &* )6') I%*%')9!7!*#

6* β @&("(* +! MCN/OC

 !" 7!"6'!" +! D9)3#&* !# )9C,/P1 "6' 9) 7%#%&'(#! Q99!*+! !* 0RSP !# 9>!A4%'(!*5! +!

;&'7)#(&* +! 9>&T&*! !* 9):&')#&('! 4)' U$(!7!*" !# V!(*+!'(5$,R1 !* 0ROP 7!##!*# !*

%@(+!*5! 6* ;')5#(&**!7!*# ("&#&4(<6! <6( *>&:%(# 4)" )6A #$%&'(!" "#)*+)'+C W( D9)3#&*

!# )9C )##'(:6!*# 9>)*&7)9(! 8 6* 4'&5!""6" *659%)('! ?"6(@)*# 9>$34&#$J"! "!9&* 9)<6!99!

)656* 7%5)*("7! 5$(7(<6! *! 4!6# 4'&+6('! +! @)'()#(&* ("&#&4(<6! (*+%4!*+)*#! +!

9) 7)""!B. 9>!A4%'(!*5! +! U$(!7!*" !# V!(*+!'(5$ +%7&*#')(# 9) 4&""(:(9(#% +>&:#!*X

#(' 6* ;')5#(&**!7!*# ("&#&4(<6! 5$(7(<6! (*+%4!*+)*# +! 9) 7)""! ?(5( )6 #')@!'" +!

9) ;&'7)#(&* +>&T&*! 8 4)'#(' +>&A3IJ*! 7&9%569)('!BC D!##! )*&7)9(! 4&'#! 9! *&7 +!

G*&*X7)"" +!4!*+!*# ;')5#(&*)#(&*G ?YFZQ[B &6 !*5&'! G !"" +&#$%$&#$&' ()!*-

'+,&!'+,&G ?Z\]BC  ! Z\] "! 5)')5#%'("! 4)' 6*! +%@()#(&* (74&'#)*#! "6' 9! ')44&'#

+! 7)""! ?≃ MCNBC [!" β +>!*@('&* 0. 4)' !A!749!. &*# %#% &:"!'@%" "6' +!" 7%#%&'(#!"

,/P1 !# "6' 9>&T&*! ,S^R1C LI)9!7!*# 6*! +%@()#(&* 5&*"%<6!*#! +! 5! ')44&'# ?MCN/OB )

%#% &:"!'@%! "6' +>)6#'!" !"4J5!" )#7&"4$%'(<6!" = DF2 "#')#&"4$%'(<6!. DF !# Y2FC  )

2I6'! 0C0 '%"67! 9!" ):&*+)*5!" ("&#&4(<6!" G7)"" +!4!*+!*#G !# G7)"" (*+!4!*+!*#G

<6( &*# %#% 7!"6'%!" +)*" 9) *)#6'! )6 5&6'" +!" PM +!'*(J'!" )**%!"C  ) 9(I*! U] 

4&6' GU!''!"#'()* ]')5#(&*)#(&*  (*!G '!4'%"!*#! 9>!E!# G7)"" +!4!*+!*#GC L99! (*+(<6!

9! ')44&'# ?≃ MCN/OB !*#'! 9! ;')5#(&**!7!*# !*

17
F !#

18
F &:"!'@% 6*! I')*+! 7)_&'(#%

+! 7)#%'()6A #!''!"#'!"C

 ) #!'7(*&9&I(! G7)"" (*+!4!*+!*# ;')5#(&*)#(&*G !"# !* 6* "!*" )7:(I6! +)*" 9)

7!"6'! &K 9! ;)(# <6! 5!'#)(*!" !"4J5!" )#7&"4$%'(<6!" *! "6(@!*# 4)" 9) 9(I*! U] 

-



 ! ! "#$%&'&(%) *' +(%+*,')

Figure 1.1: Composition isotopique en oxygène d’espèces atmosphériques. La figure est tirée
de [24]. Le 0 correspond à la valeur de référence du Vienna Standard Mean Ocean Water (V-
SMOW). TFL est la "Terrestrial Fractionation Line" qui indique le rapport ≃ 0.5 entre le
fractionnement en 17O et 18O.
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Figure 1.2: Enrichissement et réduction des isotopologues de l’ozone. La figure est tirée de
[42]. Les labels 6, 7 et 8 sont respetivement pour 16O, 17O et 18O. Les valeurs sont normalisées
telles que le 16O3 ait un enrichissement nul.
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Cs 11A
′

(X) 11A” 21A” 31A
′

(B)
C2v 11A1 11A2 11B1 11B2

Bande Chappuis Chappuis Hartley/Huggins
Voie de Diss. 3P/3Σ 3P/3Σ 1D/1∆ 1D/1∆

D0 1.031 1.031 3.950 3.950
r1,e 2.422 2.547 2.522 3.210
r2,e 2.422 2.547 2.522 2.286
αe 116.6 99.4 121.4 106.9
ωss 1085.8 1050 920 702
ωas 1021.7 – 1020 1495
ωb 691.7 550 560 387
Tv 0 1.923 1.991 5.040
T0,calc 0 – 2.086 3.440
T0,expt 0 – 2.059 3.361
µ0 – 0 6.0(-2) 2.13

Tableau 2.1: Données caractéristiques des PESs utilisées. Les 2 premières lignes du tableau
donnent la notation des PESs suivant les représentations Cs et C2v. D0 est l’énergie seuil (en
eV) des canaux de produits. r1,e et r2,e sont les longueurs à l’équilibre (en a0) et αe est l’angle à
l’équilibre (en degré). ωss, ωas ωb sont les fréquences vibrationnelles respectivement de stretch
symétrique, strech antisymétrique et bending. Tv est l’énergie verticale de transition (en eV) à
la position d’équilibre de la PES de l’état électronique fondamental et T0 est l’origine de bande
(en eV). µ0 (en D) est le moment dipolaire de transition au point FC.
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Figure 2.1: Tracé de contours de la surface d’énergie potentielle du fondamental de l’ozone.
La figure (a) est une coupe suivant r1 et r2, l’angle fixé à 116.6°. La figure (b) est une coupe
suivant r1 et α, r2 fixé à 2.422 a0. Le point sur les figures situe la position d’équilibre du système.
L’écart entre chaque ligne de contour est de 0.5 eV (4033 cm−1). L’énergie de dissociation ab

initio (O3 → O2 + O) est de 7600 cm−1, bien en dessous de la valeur expérimentale d’environ
8450 cm−1.
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Figure 2.2: Tracé de contours de la Surface d’Energie Potentielle des bandes de Hart-
ley/Huggins. La figure (a) est une coupe suivant r1 et r2, l’angle fixé à 108.1°. La figure (b) est
une coupe suivant r1 et α, r2 fixé à 2.28 a0. Le point sur les figures situe la position d’équilibre
de l’état fondamental. Les lignes noires qui coupent les figures sont les croisements avec l’état
répulsif R. l’écart entre chaque ligne est de 0.3 eV (2420 cm−1).
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Figure 2.3: Coupes 1D des Surfaces d’Energie Potentielle de la bande de Chappuis de l’Ozone.
"d" est pour les états diabatiques, "a" pour les états adiabatiques et "AB" en indice est le
couplage. Sur la figure (a) r2 et α ont été fixées à 2.4 bohr et 118 degré et sur la (b) r1 et r2
ont été fixées à 2.44 et 2.55 bohr.
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Figure 3.1: Coupe 1D des surfaces d’énergie potentielles et sections efficaces d’absorption de
l’ozone ab initio entre 8000 et 50000 cm−1. La bande de Wulf présentée sur la figure n’a pas
été considérée dans notre étude. La figure a été tirée de [66] avec la permission de R. Schinke.
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r1 r2 θ
Base Primitive Sine DVR Sine DVR Leg/R DVR
N 128 128 64
Grille [1.8,7.6] [1.8,7.6] [1.05,3.067]
n 5–10 5–10 5–10

Intégrateur Schéma Vecteur-A SPF
Type CMF rDAV RK8
Intervalle de temps/Ordre max. 1.0 900
Précision 10−3 10−9 10−8

Tableau 3.1: Paramètres de calcul sur la PES du fondamental. N est le nombre de fonctions de
la Base Primitive utilisée. n es le nombre de SPFs utilisées. Leg/R est la "restricted legendre
DVR". CMF est le schéma d’intégration de champ moyen constant, RK8 est la pocédure de
Runge-Kutta d’ordre 8 et rDAV est ’intégrateur de Davidson pour un Hamiltonien réel.
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r1 r2 θ
Base Primitive Sine DVR Sine DVR Leg/R DVR
N 128 128 64
Grille [1.8,7.6] [1.8,7.6] [1.05,3.067]
n 35 35 28

Intégrateur Schéma Vecteur-A SPF
Type CMF rDAV RK8
Intervalle de temps/Ordre max. 1.0 900
Précision 10−3 10−9 10−8

Tableau 3.2: Paramètres de calcul pour la bande de Hartley. N est le nombre de fonctions de
la Base Primitive utilisée. n es le nombre de SPFs utilisées. Leg/R est la "restricted legendre
DVR". CMF est le schéma d’intégration de champ moyen constant, RK8 est la pocédure de
Runge-Kutta d’ordre 8 et rDAV est ’intégrateur de Davidson pour un Hamiltonien réel.
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Figure 3.2: Comparaison entre la section efficace d’absorption calculée (propagation avec
MCTDH) et expérimentale (Brion [84]) de l’ozone (16O3) dans la bande de Hartley. La sec-
tion efficace ab initio a été multipliée par un facteur de 285/234 et la durée de propagation est
de 70 fs. On constate visuellement un décalage en énergie de l’ordre de 140 cm−1.
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Figure 3.3: Bande de Hartley du 16O3 calculée à 3 températures : 0, 200 et 300 K. La durée
de propagation de paquet d’onde est de 250 fs. La partie inférieure montre la différence des
sections efficaces à 200 et 300 K avec celle à 0 K. On remarque que la déviation, qui est faible
entre 0 K et 200 K (0.1% au centre), devient importante entre 0 K et 300 K. D’autre part, les
oscillations de la section efficace décroissent fortement avec la température. Les variations en %
sont beaucoup plus fortes sur les deux pieds de la section efficace que vers le centre de celle-ci.
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Figure 3.4: Bande de Huggins du 16O3 calculée par une simple propagation à deux niveaux de
précision. La durée de propagation du paquet d’onde est de 250 fs.
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Figure 3.5: Bande de Huggins du 16O3 calculée par "improved relaxation" et une simple
propagation. La durée de propagation du paquet d’onde est de 250 fs. Environ 80 niveaux
vibrationnels de la PES de l’état B ont été pris en compte pour construire la section efficace à
basse énergie.
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Figure 3.6: Bande de Huggins du 16O3 calculée par "improved relaxation" à 3 températures : 0,
200 et 300 K. 80 niveaux vibrationnels pour l’état excité et les 4 premiers niveaux vibrationnels
du fondamental ont été utilisés pour construire cette section efficace. La partie haute énergie
(E ≥ 31000 cm−1) a été obtenue à partir de calculs de propagation, la durée de propagation
étant de 250 fs.
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Figure 3.7: Comparaison entre la section efficace calculée (improved relaxation avec MCTDH)
et expérimentale (Brion [84]) de la bande de Huggins du 16O3. Le spectre expérimental est
obtenu à 218 K et les calculs ab initio sont faits pour 200 K. La section efficace calculée a été
décalée de 455 cm−1 vers les basses énergies pour faire coincider l’origine de bande (B1A

′

(0,0,0)
← X1A

′

(0,0,0)).
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Figure 3.8: Nombre de niveaux d’énergie de la bande de Huggins en fonction de l’énergie du
16O3. La courbe pour la bande de Huggins est comparée avec la courbe théorique pour un
potentiel harmonique tridimensionnel.
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r1 r2 θ
Base Primitive Sine DVR Sine DVR Leg/R DVR
N 128 128 64
Grille [2.0,7.8] [2.0,7.8] [1.05,3.067]
n 25,25 25,25 20,20

Intégrateur Schéma Vecteur-A SPF
Type CMF rDAV RK8
Intervalle de temps/Ordre max. 1.0 900
Précision 10−3 10−9 10−8

Tableau 3.3: Paramètres de calcul pour la bande de Chappuis. N est le nombre de fonctions de
la Base Primitive utilisée. n es le nombre de SPFs utilisées. Leg/R est la "restricted legendre
DVR". CMF est le schéma d’intégration de champ moyen constant, RK8 est la pocédure de
Runge-Kutta d’ordre 8 et rDAV est ’intégrateur de Davidson pour un Hamiltonien réel.
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Figure 3.9: Comparaison entre la section efficace d’absorption calculée (propagation avec
MCTDH) et expérimentale (Brion [84]) de l’ozone (16O3) dans la bande de Chappuis. La section
efficace ab initio a été décalée de 200 cm−1 vers les hautes énergies et mise à l’échelle par un
facteur de 0.75. Le temps de propagation est de 70 fs.
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Figure 3.10: Bande de Chappuis du 16O3 calculée à 3 températures : 0, 200 et 300 K. La
durée de propagation de paquet d’onde est de 70 fs. Le panneau du bas montre la différence
des sections efficaces à 200 et 300 K avec celle à 0 K.
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The absorption cross sections of 18 isotopologues of the ozone molecule have been calculated in the range

of the Hartley-Huggins bands (27000-55000 cm-1). All 18 possible ozone isotopologues made with 16O,
17O, and 18O have been considered, with emphasis on those of geophysics interest like 16O3

17O16O2,
16O17O16O,

18O16O2, and 16O18O16O. We have used the MCTDH algorithm to propagate wavepackets. As an initial

wavepacket, we took the vibrational ground state multiplied by the transition dipole moment surface. The

cross sections have been obtained from the autocorrelation function of this wavepacket. Only two potential

energy surfaces (PESs) and the corresponding transition dipole moment are involved in the calculation. The

dissociating R state has been omitted. The calculations have been performed only for J ) 0. The comparison

with the experimental absorption cross sections of 16O3 and 18O3 has been performed after an empirical

smoothing which mimics the rotational envelop. The isotopologue dependence of the cross sections of 18

isotopologues can be split into two energy ranges, (a) from 27000 to 32000 cm-1, the Huggins band, which

is highly structured, and (b) from 32000 to 55000 cm-1, the main part of the cross section which has a bell

shape, the Hartley band. This bell-shaped envelop has been characterized by a new analytic model depending

on only four parameters, amplitude, center, width, and asymmetry. The isotopologue dependence of these

parameters reveals the tiny differences between the absorption cross sections of the various isotopologues. In

contrast to the smooth shape of the Hartley band, the Huggins band exhibits pronounced vibrational structures

and therefore shows large isotopologue differences which may induce a significant isotopologue dependence

of the ozone photodissociation rates under actinic flux.

1. Introduction

The anomalous isotopologue (or isotopomer) ratios observed

in stratospheric ozone1 are attributed to strong isotope selectivity

during the Chapman formation process.2 In summary, the

formation of asymmetric isotopologues (or isotopomers) like
17O16O16O and 18O16O16O is favored3–6 compared with the

formation of symmetric isotopologues (or isotopomers) like
16O17O16O, and 16O18O16O.7 However, an additional selectivity

during photodissociation processes cannot be ruled out. This

selectivity can be due to the differences between the absorption

cross section of various isotopologues and/or to asymmetric

branching ratios during the photodissociation of asymmetric

isotopologues

In contrast, the symmetric isotopologues 16O17O16O and
16O18O16O are expected to photodissociate into only asymmetric

oxygen molecules

† Part of the “Reinhard Schinke Festschrift”.
* To whom correspondence should be addressed. E-mail: rjost@

spectro.ujf-grenoble.fr.
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Here, we assume that only one of the end oxygen atoms can be

ejected.

The photodissociation process is characterized by the rate

where σ(E) is the absorption cross section and F(E) is the photon

flux, both depending on the photon energy E. For geophysical

applications, the photon flux is almost always the terrestrial

actinic flux which depends strongly on the altitude, especially

in the range of the Hartley band. This important point will be

discussed at the end of the article, which is mainly focused on

the isotopologue dependence of σ(E). Experimentally, the

absorption cross section of only two isotopologues, 16O3 and
18O3, have been measured.8,9 The main reason is the difficulty

to synthesize a pure ozone isotopologue made of two different

oxygen isotopes. Most of the ozone molecules are obtained in

an electric discharge in molecular oxygen, and therefore, it is

necessary to use a mixture of 16O2 and 17O2 or 18O2. Then, a

mixture of six ozone isotopologues is obtained, whose ratios

are unknown even if a propensity for an excess of asymmetric

isotopologues (relative to a statistical mixture) is usually

observed.3,10 A new but difficult synthesis of a pure asymmetric

isotopologue (e.g., 18O16O16O) has been worked out recently.11

However, even if a pure asymmetric isotopologue like 18O16O16O

were available, the expected cross section differences (according

to our calculations, see section 5) would be too small to be

measured accurately even with the best experimental accuracy,

which is typically 1% on the amplitude (vertical) axis (see

Tables 2-4 of ref 12). The differences between the cross

sections of various isotopologues are so tiny that they can only

be determined from exact dynamics calculations.

Because of its importance for atmospheric chemistry, the UV

photodissociation of ozone has been studied experimentally in

greatest detail.13,14 It has been a great challenge also for

dynamical theories for more than three decades, and a review

is given by Grebenshchikov et al. in ref 15, which summarizes

electronic structure as well as dynamics calculations up to 2007.

The most recent description of the relevant electronic states,

potential energy surfaces, and nonadiabatic couplings can be

found in ref 16.

In section 2, we describe the relevant PESs which are required

to generate the absorption cross section. In section 3, we present

the multiconfiguration time-dependent Hartree (MCTDH) al-

gorithm used to propagate the ground-state wave function of

the electronic ground state on the PES of the excited state. In

section 4, we compare three recently measured absorption cross

sections by fitting them to a four-parameter (amplitude, center,

width, and asymmetry) analytic model derived from the reflec-

tion principle. In section 5, we present and compare the

calculated absorption cross section envelops of the 18 ozone

isotopologues by using the same analytic model. In section 6,

we compare the vibrational structures superimposed on top of

the Hartley band by inspecting the autocorrelation functions for

different isotopologues. In section 7, we consider the low-energy

wing of the band, the so-called Huggins band, which shows

pronounced vibrational structures. In section 8, we discuss

briefly the implications of the differences between the absorption

cross sections of various isotopologues for the corresponding

photodissociation rates.

2. Potential Energy and Transition Dipole Moment

Surfaces

The present calculations involve the ground electronic state

X (the initial state) and the third 1A′ state (the excited state

B).15 Nonadiabatic coupling to other states, especially with the

repulsive R state, leading to the triplet O + O2 product channel,

is ignored. The corresponding (diabatic) PESs have been

constructed by Schinke and McBane16 using the multireference

configuration interaction (MRCI) method and the standard

augmented correlation consistent triple-ú (aug-cc-pVTZ) basis

set. Details of the electronic structure calculations and the PESs

are given in refs 16–19.

The X/B transition dipole moment (TDM) has been separately

calculated in the present study on a small three-dimensional

grid around the Franck-Condon (FC) geometry. These calcula-

tions have been performed on the MRCI level of theory

including the lowest three 1A′ states (X, A, and B) and the aug-

cc-pVQZ basis size.

The absolute value of the TDM has been interpolated by least-

squares fit using the singular value decomposition method of

the 485 points calculated around the ground-state equilibrium

position. Its value at the FC point is 2.13 D with an error of

less than 1% compared with the ab initio computations.

3. MCTDH Algorithm and Calculation of Absorption

Cross Sections

The MCTDH method20–24 is a mean-field approach in which

each degree of freedom is associated with a small number of

orbitals or single-particle functions which, through their time

dependence, allow efficient description of the entire molecular

dynamics process. The total wave function is expanded in

Hartree products, that is, products of single-particle functions

(SPFs)20–23

The SPFs can also be taken to describe the motion in

more than one degree of freedom using a technique called

mode-combination.23,24

Here, f is the number of degrees of freedom of the system,

Q1, ..., Qf are the nuclear coordinates, Aj1...jf denote the MCTDH

expansion coefficients, and æj
κ

(κ)(Qk,t) are the nk SPFs associated

with each degree of freedom κ. The equations of motion, derived

from the Dirac-Frenkel variational principle, form a set of

coupled nonlinear differential equations of first order.20–24 In

order to solve the equations of motion, one needs to represent

the SPFs on a primitive basis or discrete value representation

(DVR) grid. Thus, the MCTDH method propagates a wave

function on a small time-dependent, variationally optimized basis

set of single-particle functions, which in turn are defined on

time-independent primitive basis sets with Nκ points for the κth

degree of freedom. In the limit nκ f Nκ, MCTDH becomes a

numerically exact method to solve the Schrödinger equation.

However, convergence is usually obtained for rather small nκ.

For the MCTDH algorithm as implemented in the Heidelberg

package25 to be efficient, the Hamiltonian operator must be

written as a sum of products of single-particle operators. The
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kinetic energy operator has always the required form when using

polyspherical coordinates.26 The set of coordinates used in this

work, a set of valence coordinates for three atoms, is a particular

case of polyspherical coordinates and thus leads to a sum of

products of one-dimensional operators. For the potential energy

operator, which may not have the necessary product form, there

exists an efficient fitting procedure to obtain the desired

representation.27,28 The transformation of the potential to product

form can be avoided when adopting the so-called “correlated

discrete variable representation” (CDVR) of Manthe.29 This

method has been successfully used in several applications,

including photoinduced dissociation.30

The cross section is computed by a Fourier transform of the

autocorrelation function c(t) ) 〈Ψ(0)|Ψ(t)〉. We use the so-called

t/2 trick,23,31 c(t) ) 〈Ψ*(t/2)|Ψ(t/2)〉, which yields an autocor-

relation function of twice the length of the propagation.

Moreover, to reduce artifacts due to the Gibbs phenomenon,

we weight the autocorrelation functions with a cosine functions.

For details, see ref 23.

A key point of the present study is the fact that the same set

of PESs is used for all of the isotopologues; only the masses in

the kinetic energy operator are changed. Then, the tiny

modifications of the absorption cross sections due to oxygen

isotope substitution(s) can be evidenced without any ambiguity,

as shown in section 4.

The analysis and comparison of cross sections of 18 ozone

isotopologues require an efficient data reduction. We have used

three approaches, (a) the comparison of the cross section

envelop, (b) the comparison of the superimposed vibronic

structures in the range of 35000-43000 cm-1 and (c) the

comparison of the vibronic structures of the Huggins band in

the range of 27000-33000 cm-1.

We used valence coordinates, which usually are less conve-

nient than Jacobian coordinates since the kinetic energy part of

the Hamiltonian is more complicated. However, writing the

Hamiltonian in terms of valence coordinates is helpful in the

present application as no modifications of the PESs are required

when changing the isotopologues. In contrast, when using Jacobi

coordinates, the PESs should be expressed for each isotopologue.

The PESs were transformed to product form using the

POTFIT routine of the MCTDH25 suite of programs. We used

a primitive basis of 128 DVR sine grid points defined between

1.8 and 7.6 a0 for the valence bond coordinates and 64 DVR

restricted Legendre grid points between 1.011 and 3.104 rad.

The rms error for all grid points was 4 meV for the ground

state and 8 meV for the B state with respect to the original

potentials. Five single-particle basis functions were used for each

valence coordinate in the calculations for the ground-state wave

functions, 30 were used for each valence bond coordinate in

the calculations in the B state, and 25 were used for the valence

bond angle in all calculations.

The initial ground-state wave function was obtained after a

relaxation of 30 fs. The propagation time on the excited-state

PES (for the Hartley band) was at most 260 fs. Complex

absorbing potentials32–35 (CAPs) starting at 4.6 a0 of the valence

bond coordinates were introduced in order to absorb the

wavepacket as it approached the end of the grid and thereby to

reduce reflection effects. The calculations of cross sections for

the Huggins band were performed by two different methods,

direct propagation and an “improved” relaxation.36,37 Details will

be given in section 7.

4. Comparison of Calculated and Experimental Hartley

Cross Section Envelops

The comparison of experimental and calculated absorption

cross sections can be biased for three reasons. First, the rotational

congestion, which is always present in room-temperature

experimental cross sections, has been ignored in our calculations.

However, the calculations of Alacid and Leforestier38 and that

of Grebenshchikov et al.15 showed that the effect of rotation is

to smooth the cross sections without significantly altering the

envelop of the cross section or the superimposed vibronic

structures. Second, we have ignored the vibronic coupling with

the dissociative state R, which is expected to additionally

broaden the vibrational structures. Third, the finite time propa-

gation (here, at most, 260 fs, resulting in an autocorrelation

function of at most 520 fs) used for the calculations (see section

3) limits the resolution of the calculated cross sections. However,

these three shortcomings can be empirically rectified by

introducing smoothing, especially when we compare the low-

resolution cross sections or the envelop of cross sections.

In order to compare cross section envelops, we have first

smoothed each cross section in order to eliminate most of the

superimposed vibronic structures. The resulting cross sections

all have a slightly asymmetric bell shape.

4.1. Description of the Four Parameter Analytic Model.

We have developed an analytic model based on the reflection

principle,39,40 which is an asymmetric Gaussian defining the cross

section as a function of the photon energy E.

We can rewrite this formula as

where X ) (E - C)/W and S are dimensionless quantities.

Below, we will mostly compare the various cross sections

divided by energy (in cm-1), XS/E in short notation.

This model of XS/E depends on four parameters, A, the

amplitude of the cross section, C, its center, W, the width of

the cross section, and S, a dimensionless asymmetry parameter.

The main advantage of this analytic model is to expose each

cross section to a set of only four parameters. Similar analytic

forms may have been used.40 The analytic form defined in eq 5

is the most convenient one in the sense that it gives the smallest

residual when only four parameters are used. The typical fit

residual is on the order of 0.2% of the XS/E amplitude both for

the calculated and the experimental cross sections (see Figures

1 and 3).

Other models with more than four parameters have been

tested, but they do not improve significantly the fit. In contrast,

the asymmetry parameter S reduces the fit residual (the chi

square of the fit) by almost 3 orders of magnitude when

compared with a fit with a Gaussian including only three

parameters, A, C, and W (i.e., S ) 0).

The four parameters of the analytic model mainly depend on

(a) the ground-state initial wave function, essentially a 3D

Gaussian function, (b) the vertical energy, and (c) the slopes

and the curvatures of the PES of the upper electronic state along

σ(E) ) EA(1 - S
E - C

W ) exp[-(E - C

W )
2

(1 - S
E - C

W
+ 0.5(SE - C

W )
2

)] (5)

σ(E)

E
) f(x) ) A(1 - SX) exp[-X

2
(1 - SX + 0.5(SX)

2
)]

(5′)
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some specific directions discussed below. The ground-state wave

function can be approximated by

where Q1, Q2, and Q3 represent the dimensionless normal-mode

coordinates of the ground state. Each of these three coordinates

can be interpreted as a direction in the three-dimensional

molecular internal coordinate space. Along each of these three

normal coordinates, a characteristic length, 1/â, which deter-

mines the extension of the ground-state wave function, can be

defined, leading to a set of three lengths, 1/â1, 1/â2, and 1/â3.

It is important to note that the three normal modes are specific

for each isotopologue, even if all of the isotopologues share

the same PESs. Below, we relate each of the four parameters

of XS/E to properties of the ground-state and the excited-state

PESs and to the transition dipole moment surface (TDMS; in

what follows, we identify the modulus square of the transition

dipole with TDMS at the ground-state FC geometry). The

amplitude A is determined mostly by the TDMS between the

ground and the upper states at the FC point (see section 2). A

good way to determine the amplitude is by means of the area

of XS/E. If the TDMS is a constant, the XS/E area can be very

well approximated by the product AW. This relation, which is

strictly valid only if S ) 0, is still a good approximation if the

asymmetry is not too large (for example, within 0.1% when S

≈ 0.25). Thus, the determination of the amplitude A also requires

determination of W (see below). The center C is close to V0,

the vertical excitation energy given by

where ZPE is the zero-point energy. Ve is assumed to be the

same for all of the isotopologues. Because C also depends on

the TDMS and because it is weakly correlated with the

asymmetry S, it differs slightly from V0.

The width depends on the components of the gradient of the

upper PES along the normal coordinates (Q1, Q2, and Q3) of

the ground state

The gradients Vi′ are evaluated at the ground-state equilibrium

geometry. Equation 8 can be derived from eq 6.19 of ref 39, in

which R and r have been substituted with Q1 and Q2. Moreover,

eq 8 has been generalized to a third coordinate Q3, the

antisymmetric stretch coordinate. In what follows Vi′/âi and W

will be given in cm-1. For symmetric isotopologues like
16O16O16O or 16O18O16O, the slope of the B state PES along the

Q3 coordinate, V3′, is zero by symmetry because it has an overall

C2V symmetry (even if the equilibrium position of the B state

has Cs symmetry; see Figure 4 of ref 15). Therefore, the

expression for W reduces to

The values of 1/â1 and 1/â2 have been determined from the

ground-state PES and V1′ and V2′ from the PES of the B state.

The resulting values of W are compared in Table 1 with those

obtained by fitting the calculated and the experimental cross

sections with eq 5′.
The asymmetry parameter, S, is more difficult to determine

because it depends on two effects,40 (a) the so-called curvature

effect (which is linked to the components of the Hessian of the

excited PES) and (b) the quantum effect, which takes into

account the shape of the quantum eigenstates (Airy-like func-

tions) excited by the photon in the upper state. These two effects,

which can hardly be discriminated even for the absorption cross

section of diatomic molecules, are characterized here by a single

effective parameter. Numerical calculations indicate that the two

effects act in an opposite way; the curvature effect induces a

steeper slope on the low-energy side (as a consequence, S is

positive). The opposite is true for the quantum effect (leading

to a negative contribution to S). Almost all known experimental

cross sections (i.e., XS/E) have a positive S; the steeper slope

is on the low-energy side, and consequently, their asymmetry

is dominated by the curvature effect. We have not been able to

derive a formula predicting the asymmetry parameter for a 3D

Figure 1. Comparison of the smoothed experimental cross section of
Brion41 and the cross section envelop defined by the four-parameter
analytic model (eq 5′). Lower panel: the residual of the fit.

TABLE 1: Comparison of the Four Fit Parameters Obtained from Three Experimental Hartley Absorption Cross Sections of
the 666 Isotopologue along with Parameters Obtained from the Calculated Cross Section and Those Estimated from Equations
7-9

amplitude (1024 cm2/cm-1) center (cm-1) width (cm-1) asymmetry

Brion (218 K) 285.0 39602.6 4018.2 0.264
Burrows et al. (293 K) 286.8 39583.3 4071.1 0.278
Bogumil et al. (293 K) 286.8 39585.3 4052.8 0.274
exp. average 286.2 ( 1 39590 (10 0.272 ( 0.006
ab initio PES MCTDH (0 K) 234.0 39462.3 4017.9 0.289
formula estimate 40007 4006.1

Ψ000(Q1, Q2, Q3) ) N exp[-0.5(Q1
2
+ Q2

2
+ Q3

2
)]
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PES. However, in the case of ozone, the curvature effect is

strongly dominated by the curvature (or the second derivative,

V′′) along the symmetric stretch (R1dR2) coordinate Q1 (the

corresponding dimensionless parameter, V′′/V′â, is 0.32). This

value gives an estimate of the dominant contribution to the fitted

S parameter, which ranges between 0.26 and 0.29 (see Table

1).

4.2. Comparison with the Envelop of Three Experimental

Absorption Cross Sections. The analytic model described

above has been first used to compare numerous experimental

Hartley absorption cross sections of the main 16O3 isotopo-

logue.12 The fitted parameters of only three of them, Brion,41

Burrows et al.,42 and Bogumil et al,43 are given in Table 1 as

typical examples. The corresponding parameters determined by

a fit of the Hartley XS/E calculated with the MCTDH code (see

section 5) are also given in Table 1. As a typical example, the

smoothed XS/E of Brion41 and the fit obtained from the model

are compared in Figure 1. The two curves can hardly be

distinguished except above 48000 cm-1, where another elec-

tronic transition begins to appear. The residual of the fit, shown

in the lower panel, is typically smaller than 0.4% of the

maximum amplitude of the cross section (XS/E). The fast

oscillations between 35000 and 40000 cm-1 are due to the

vibronic structures of the experimental cross section which have

not been fully smoothed.

Three of the fit parameters, C, W, and S, obtained from the

calculated cross section are in reasonable agreement with those

extracted from the measured spectra. The significant discrepancy

for the amplitude is attributed solely to the calculated ab initio

TDM surface, which is too low by about 9% (its square is too

low by 18%). The comparison of the cross sections measured

at various temperatures between 203 and 293 K42,43 shows that

the expected increase of the width parameter due to temperature

increasing from 0 and 218 K is weak and smaller than the

experimental uncertainty.

Figure 2 shows that the ab initio PES for the B state used in

the calculations is accurate. An additional shift of +140 cm-1

along the energy axis (i.e., the difference between the two fit

values of the center parameter for the two cross sections in Table

1) would almost superimpose the experimental and the calcu-

lated cross sections. Therefore, the B state PES can be used to

precisely determine the isotopologue/isotopomer dependence of

the Hartley absorption cross section. However, only the ratios

of cross sections are expected to be correctly predicted since

the TDM is too small by a factor of 9%. The comparison

between the superimposed vibronic structures of the calculated

and measured XSs will be discussed in sections 6 and 7.

5. Isotopologue Dependence of the Cross Section (XS/E)

Envelop

The absorption cross sections of 18 ozone isotopologues have

been calculated with the MCTDH code as explained in section

3. Below, we consider only the mass dependence of the Hartley

cross section. We will use the short notation; (666) stands for

the 16O3 isotopologue, (888) for 18O3, 668 for 16O16O18O, and

so on. Moreover, we will discriminate between the symmetric,

for example, 686, and the asymmetric, for example, 668,

isotopomers which have the same atomic composition but

different symmetry. In addition to the 666 main isotopologue,

the monosubstituted isotopologues 866, 686, 766, and 676 are

also relevant for atmospheric applications. Nevertheless, we have

calculated the cross sections for all 18 isotopologues possible

with 16O, 17O and 18O. They can be split into two classes, the

nine symmetric ones (666, 686, 868, 888, 676, 767, 777, 878,

and 787) for which the (0,0,0) ground vibrational state has A1

symmetry of the C2V symmetry group and the nine asymmetric

ones (866, 766, 677, 877, 688, 788, 768, 678, and 687) for which

the (0,0,0) ground vibrational state belongs to the A′ symmetry

of the Cs symmetry group. For symmetric isotopologues, the

ground-state Q3 normal mode strictly obeys ∆R1 ) -∆R2; this

is not valid for the asymmetric isotopologues. We have

calculated and compared the ground-state normal modes of

symmetric and asymmetric isotopologues and noticed that the

broken symmetry effect is weak. Consequently, in eq 8, defining

the width parameter, the contribution of (VQ3′ /â3), which is

strictly zero for symmetric isotopologues, remains negligible

also for asymmetric isotopologues. This broken symmetry effect

is included in our calculation because the MCTDH code

determines numerically the (0,0,0) ground-state wave function

of each isotopologue. The four fit parameters do not show any

distinct dependence on the symmetry of the isotopologues, and

therefore, they will be discussed together.

5.1. Comparison of the Hartley Cross Section Envelops

for 18 Isotopologues. Each isotopologue/isotopomer cross

section calculated has been first divided by E (in cm-1) in order

to get XS/E and then fitted with the analytic model presented

in section 4.1. The fitting range is 32000-50000 cm-1. Below

Figure 2. Comparison of the experimental cross section of Brion41

and the calculated one; the latter has been vertically rescaled by a factor
of 285/234 according to the amplitudes given in Table 1. An
autocorrelation length of 70 fs has been chosen in order to get similar
widths for the vibronic structures.

Figure 3. Comparison of the calculated and the model cross section
(eq 5 or 5′) of the 666 isotopologue. The upper panel displays the
computed cross section (divided by the energy E) and the fitted analytic
model, which cannot be distinguished. The lower panel displays the fit
residual, which is the difference between the two XS/E.
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32000 cm-1 (the range of the Huggins band), the XSs are

significantly modulated, and this spectral range is analyzed

separately in section 7. The calculated XS/E of the 666

isotopologue is displayed in the upper part of Figure 3. The

time propagation of 70 fs is optimal to determine the four

parameters. As a result, the fitted curve matches almost perfectly

the XS/E calculated with the MCTDH code. The fit residual

which is shown in the lower part of Figure 3 is typically 0.1%

of the maximum cross section. The weak (and fast) oscillations

between 35000 and 40000 cm-1 are due to the diffuse structures

discussed in the next section. The corresponding XS/E and

residual for all of the other isotopologues are very similar and

are not shown. In the following, the XS/E of each of the 18

isotopologue is characterized solely by its set of four fitted

parameters given in Table 2. In addition, the ZPEs are given in

the last column of Table 2.

When the photodissociation rates (i.e., J integrals) of various

isotopologues are compared, the most important quantity is the

ratio of XSs.44 Two comparisons should be considered. First,

between of the XS of two isotopomers of different symmetry

(for example, 686 and 668), each XS has been divided by (or

normalized on) the XS of the 666 isotopologue, as displayed in

Figure 4. This figure shows that the deviation from unity of the

XS ratio is almost two times larger for the symmetric 686 than

that for asymmetric 668.

The second comparison is between two isotopologues of the

same symmetry (686 versus 676 or 668 versus 667). It shows

that the deviation from unity of the XS ratios (still using the

666 as a reference) is about two times larger for the 686 than

that for the 676 (or for the 668 versu 667). We conclude that

the modification of the XS is mass-dependent.

5.2. Mass Dependence of the Four Fitted Parameters. We

have studied the dependence of the four XS/E parameters on

the three oxygen masses and have found that the mass of the

central oxygen atom plays the more important role compared

with the two edge oxygen atoms, irrespective of the symmetry.

Three of the four parameters are expected to converge either to

infinity (A) or to zero (W, S) when the masses go to infinity.

Moreover, the product AW should converge to a constant when

the three masses go to infinity. The product AW is also constant

for any set of three masses if the TDMS is a constant. This is

almost the case for the Hartley band. The S asymmetry

parameter (see eq 11 of ref 40) goes to 0 (like the set of three

characteristic lengths 1/â1, 1/â2, and 1/â3 along the three normal

modes) when the three masses go to infinity.

Numerically, we have found that A, W, and S are proportional

to a power of an effective mass

Note that the R parameter, which is specific to each parameter

of the XS/E, is close to 2 for the A and W like that for the ZPE

(see Table 3).

Using a log-log plot, we have found that the mass depen-

dence of the three parameters A, W, and S and also that of the

ZPE (see below) can be expressed as

The three fitted parameters R, P0, and ν are given in Table 3.

We have also analyzed the mass dependence of the ZPE,

which also follows eq 11, because the ZPE contributes to the

mass dependence of the center (see below). The exponent ν )

-0.497 for the ZPE is the easiest to interpret; the ZPEs vary as

the sum of the three normal-mode frequencies, which, in turn,

vary as the inverse of the square root of the ZPE effective mass,

in good agreement with the fitted power of -0.497. Similarly,

the width parameter, which varies as the power -1/4 of the

TABLE 2: List of the Four Fit Parameters for the Nine Symmetric and Nine Asymmetric Isotopologues of Ozone

XS/E amplitude (cm2/cm-1) (×1024) center (cm-1) width (cm-1) asymmetry (dimensionless) ZPE (cm-1)

Symmetric Isotopologues

666 234.03 39462.3 4017.9 0.28907 1450.00
676 236.20 39477.6 3985.8 0.28754 1430.32
686 238.2 39491.5 3956.9 0.28624 1412.87
767 236.35 39473.6 3980.3 0.28556 1426.78
787 240.67 39503.4 3918.4 0.28282 1389.15
777 238.60 39489.2 3947.8 0.28413 1407.01
868 238.49 39483.9 3946.4 0.28246 1405.79
878 240.82 39499.8 3913.3 0.281 1385.81
888 242.95 39514.2 3883.5 0.27974 1367.79

Asymmetric Isotopologues

667 235.19 39467.9 3999.0 0.28724 1438.84
668 236.23 39473.0 3982.1 0.2856 1429.25
768 237.42 39478.7 3963.4 0.284 1416.67
677 237.40 39483.4 3966.8 0.28579 1419.18
678 238.48 39488.6 3949.5 0.28413 1409.48
778 239.70 39494.5 3930.5 0.28251 1395.79
687 239.43 39497.4 3937.6 0.28446 1401.47
688 240.54 39502.9 3920.2 0.28286 1391.65
788 241.80 39508.8 3900.9 0.28125 1378.85

TABLE 3: Parameters Describing the Mass Dependence of the Four Parameters of the XS/E Model

amplitude A in (cm2/cm-1) (×1024) width W (cm-1) asymmetry S (dimensionless) ZPE P0 (cm-1)

R 1.87 ( 0.01 1.71 ( 0.01 0.845 ( 0.005 1.67 ( 0.01
P0 62.968 ( 0.019 13076 ( 135 0.8340 ( 0.003 10971 ( 290
ν 0.32 ( 0.02 -0.29 ( 0.02 -0.278 ( 0.03 -0.497 ( 0.006
fit residual (1σ) 0.075 (0.03%) 1.1 cm-1 (0.03%) 0.0002 (0.08%) 1.0 cm-1

correlation factor R ) 0.9995 R ) 0.9990 R ) 0.9995 R ) 0.9991

meff ) m1 + Rm2 + m3 (10)

P(meff) ) P0(meff)
ν

(11)
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reduced mass for a diatomic molecule, varies with the power

-0.29 ( 0.02, which is rather satisfactory. From this, assuming

that the transition moment is constant, we expect a constant

area for XS/E. Then, as the width parameter varies with the

power -0.29 of the effective mass, we expect a power of +0.29

( 0.02, which is close to the fitted power of +0.32 ( 0.02.

The difference between 0.29 and 0.32 is mainly due to the

different fitted values of the R parameter (1.87 for the amplitude

and 1.71 for the width) because these two parameters, R and ν,

are correlated. Similarly, the asymmetry, which is dominated

by the so-called curvature effect (see section 4) is expected to

vary as the power -1/4 of the reduced mass for a diatomic

molecule, in agreement with the fitted value of -0.278 ( 0.03.

In contrast with the three parameters discussed above and

according to eq 7, the center C should converge for infinite

oxygen masses to the vertical energy, Ve ) 40650 cm-1, because

the ZPE tends to 0 for infinite masses. However, the fitted

parameter, C, is not equal to V0 ) Ve - ZPE because it depends

also on the asymmetry S. Then, the center can be express as

In this expression, C, ZPE, and ∆C (but not Ve) are mass-

dependent. ∆C is a correction due to the numerical correlation

between the center and the asymmetry parameters. Ve and the

various ZPEs being known, ∆C has been determined numeri-

cally. It is obvious that the shift ∆C should be proportional to

the width and to the asymmetry because for S ) 0, we expect

a Gaussian XS/E for which ∆C ) 0. We have analyzed

numerically the isotopologue (and then the mass) dependence

of ∆C/(SW) and found that it depends more on the edge atoms

than on the central atom. As a result, ∆C is given by

The residual and R correlation factor of the fit for ∆C are,

respectively, 0.9 cm-1 and 0.9996.

We have also calculated and compared the ground-state

normal modes of the symmetric and asymmetric isotopologues

and noticed that the broken symmetry effect is weak; for

example, the mixing of the antisymmetric stretching mode with

the two other normal modes is weak. Consequently, in eq 8,

defining the width parameter, the contribution of (VQ3′ /â3), the

third term, which is strictly nil for symmetric isotopologues,

remains negligible for asymmetric isotopologues.

6. Isotopologue Dependence of the Diffuse Structures

The Hartley band exhibits diffuse vibrational structures which

can be rationalized in terms of classical periodic orbits, POs.

They have been analyzed almost exclusively for the 666

isotopologues.15,39,45–47 The vibrational structures are the con-

sequence of the recurrences in the autocorrelation function

which, in turn, reflect the periods of the POs. For the 666

isotopologue, the calculated recurrences agree nicely with the

experimental ones both in their periods and relative intensities.45

In Figures 5-7, we compare the autocorrelation function of three

isotopologues, 666, 686, and 668. Globally, the nuclear dynam-

ics represented by these periodic orbits is very similar for all

of the isotopologues whatever their symmetry. The same peaks

appear for all of the isotopologues, with a period rescaling

proportional to the square root of the effective mass. There is

a little difference between 668 and 686 concerning the periods

of the recurrences. For a given pair of isotopologues, the ratio

can approximately be obtained from the ratio of the two

corresponding ZPEs. As a result of the slightly different periods,

Figure 4. Calculated cross section ratios XS(686)/XS(666) and
XS(668)/XS(666). These two ratios are obtained for a time propagation
of 70 fs. Below 32000 cm-1, in the range of the Huggins band, the
XSs are structured, and a complementary analysis is presented in section
7. This figure shows that the isotopic XS effect (using the 666
isotopologue as a reference) is approximately two times larger for the
symmetric 686 isotopomer than that for the 668 asymmetric isotopomer.

Figure 5. Autocorrelation function for the main 666 isotopologue.

Figure 6. Autocorrelation function for the 686 isotopologue.

C ) Ve - ZPE + ∆C (12)

∆C ) 0.755 S W(m1 + 0.5m2 + m3)
-1

(13)
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the oscillations on the top of the Hartley band are shifted in

energy for different isotopologues.

7. Isotopologue Dependence of the Huggins Band

In contrast with the Hartley band, the Huggins band is highly

structured, mainly because the levels of the upper electronic

state are sparse and bound up to about 32000 cm-1. This

situation allows a vibrational assignment of the levels of the

upper state.48–50 After a controversy of several decades, the

assignments of the 666 isotopologue have been established,

owing to a comparison of experimental48 and ab initio18

vibrational energies and intensities of the Huggins band of the

666 and 888 isotopologues. Our calculations confirm most of

the previous assignments. Here, we focus only on the isotopo-

logue dependence of the Huggins band.

The calculated absorption spectrum in the Huggins band was

obtained in two ways. The first method was a usual propagation

of the ground-state wavepacket (times the transition dipole

moment) on the excited state for 6 ps. This method gives the

expected spectra above 30000 cm-1. However, below 30000

cm-1, we observe unphysical structures (negative cross sections)

due to the analysis of very small peaks (those of the Huggins

band) in the neighborhood of a large signal (of the Hartley band).

For this reason, we also used an “improved” relaxation36,37 on

the excited-state PES implemented in the MCTDH code to

obtain the vibrational energies and wave functions. We were

then able to get a correct assignment of the eigenstates and the

corresponding intensities after performing a Franck-Condon

integral with the dipole moment and the ground-state initial wave

function. There is a systematic shift of +450 cm-1 ((20 cm-1)

of the MCTDH vibrational energies compared with the experi-

mental values. This shift is due to small inaccuracies of the ab

initio PES energy near the minima of the B state. Note that, in

contrast, the shift of the vertical energy at the maximum of the

XS/E (close to the ground-state equilibrium geometry) is around

-(130-140) cm-1, as discussed in section 5.

At a resolution of about 50 cm-1, the Huggins band displays

a nice polyad structure with a period of 300-350 cm-1. This

polyad structure is due to the approximate 2:1:4 ratios between

the three vibrational modes (2υ1 ≈ 4υ2 ≈ υ3) of the B state.

The polyad number corresponds to the number of quanta in the

υ2 bending mode.

The polyad structures for the 686 and 668 isotopologues are

presented in Figures 8 and 9 in the range of 29000-32500 cm-1,

which correspond to polyads P5 to P16. The polyad energies

of the 686 and 668 isotopomers are systematically shifted to

lower energies compared with the ones of the main 666

isotopologue.

The 666 and 686 polyads in Figure 8 have (almost) the same

origin at the (0,0,0) vibrational level located near 27500 cm-1

(P ) 0, not shown), but the frequency of the 686 isotopologue

is slightly lower than the one of the 666 isotopologue.

Consequently, the shift between the two polyad sequences

increases with energy and is almost half of a period at around

polyad 16. At higher energies, the polyad structure progressively

disappears. The 666 cross section displayed in Figure 8 is

nothing else than the low-energy wing from 29000 to 33000

cm-1 of Figure 2. In Figure 9, we observe a similar effect, except

that the shifts are almost two times larger for the 686 isotopomer

compared to those of the 668 isotopomer. The consequences

of these shifts on the 686 and 668 photodissociation rates (J

integrals) are discussed semiquantitatively in section 8.

8. Conclusions and Perspectives

The initial motivation of this work was to improve our

knowledge and understanding of the anomalous oxygen ratio

observed in stratospheric ozone. It has been demonstrated that

these anomalies are due, at least partially, to the ozone formation

process.4–8 In contrast, the isotope anomalies in other triatomic

molecules like SO2
50 and N2O

51 are attributed to an isotopologue

selectivity occurring in the photodissociation process. There is

no reason why these two processes cannot be involved together

in the isotope/isotopologue ratio anomalies. This paper shows

Figure 7. Autocorrelation function for the 668 isotopologue. Figure 8. Comparison of the absorption cross section of the 666 and
686 isotopologues. These two cross sections are organized in polyads.

Figure 9. The same as in Figure 8 but for 666 and 668.
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that the differences between the absorption cross sections of

the various ozone isotopologues may also induce some isotope

anomalies. Note that (almost) all photon absorption by ozone

is followed by dissociation. A quantitative analysis of these

anomalies requires determining the photodissociation rates, that

is, the J integral of the various ozone isotopologues. These

photodissociation rates are strongly dependent on the altitude

because the actinic flux is strongly absorbed by the ozone layer.

Note that the ozone layer is almost exclusively made (about

99.7%) of the 666 isotopologue. This means that each significant

maximum of the 666 absorption cross section is expected to

correspond to a minimum of the actinic flux in the range of the

Hartley, Huggins, and Chappuis bands. One may argue that the

contribution of the Huggins band is small compared to that of

the Hartley band; this is wrong because the actinic flux at 40000

cm-1 (or 250 nm), the maximum of the Hartley band, is reduced

by about 10 orders of magnitude at an altitude of 25 km.

Consequently, at altitudes below about 30 km, the dominant

contributions to the J integrals are those of the Huggins and

Chappuis bands.44 Note that the maxima (and the minima) of

the absorption cross sections of minor isotopologues (mainly

the monosubstituted isotopologues 668, 686, 667, and 676) are

shifted compared with the cross section maxima of the 666

isotopologue. This phenomenon is important in the range of

the Huggins band because this band is strongly structured. A

quantitative determination of the altitude dependence of the

photodissociation rates of the various monosubstituted isoto-

pologues is in progress.

Besides the differences between the XS of the 686 and 668

(or between 676 and 667) isotopomers discussed in sections 5

and 7, these two isotopomers differ also in their dissociation

processes; the symmetric isotopomers, like 686 or 676, are

expected to dissociate almost entirely into the 16O18O +
16O

channel. In contrast, the asymmetric isotopomers can dissociate

into two different channels; for example, the16O16O18O (668)

isotopomer can dissociate into either 16O2 +
18O or 16O18O +

16O. We plan to determine the branching ratio between these

two channels (which is unknown) with the MCTDH code. Note

that this branching ratio is dependent on the photon energy.

The isotopologue/isotopomer dependence of the photodissocia-

tion rates (J integrals) and the dissociation branching ratios of

asymmetric isotopomers are both required to make a correct

oxygen isotope analysis of the dissociation processes occurring

in the atmospheric photochemistry.44
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(28) Jäckle, A.; Meyer, H.-D. J. Chem. Phys. 1998, 109, 3772.
(29) (a) Manthe, U. J. Chem. Phys. 1996, 105, 6989. (b) Coutinho-

Neto, M. D.; Viel, A.; Manthe, U. J. Chem. Phys. 2004, 121, 9207. (c)
Balabanov, N. B.; Peterson, K. A. J. Chem. Phys. 2005, 123, 064107. (d)
Manthe, U. J. Chem. Phys. 2008, 128, 164116.

(30) (a) Meier, C.; Manthe, U. J. Chem. Phys. 2001, 115, 5477. (b)
Viel, A.; Eisfeld, W.; Neumann, S.; Domcke, W.; Manthe, U. J. Chem.
Phys. 2006, 124, 214306.

(31) Engel, V. Chem. Phys. Lett. 1992, 189, 76.
(32) Riss, U. V.; Meyer, H.-D. J. Phys. B 1993, 26, 4503.
(33) Riss, U. V.; Meyer, H.-D. J. Chem. Phys. 1996, 105, 1409.
(34) Leforestier, C.; Wyatt, R. E. J. Chem. Phys. 1983, 78, 2334.
(35) Kosloff, R.; Kosloff, D. J. Comput. Phys. 1986, 62.
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Figure 3.11: Spectres d’absorption expérimentaux du 16O3 enregistrés à l’aide su spectromètre
PERKIN-ELMER. Ils couvrent la région 30000 – 50000 cm−1 : une partie de la bande de Huggins et
la bande de Hartley. La description de la procédure expérimentale et de mesure est mentionnée
dans le texte. La valeur 4 de l’échelle arbitraire correspond à une absorption proche de 100%
donc très bruitée.
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Figure 3.12: Spectres d’absorption expérimentaux du 16O3 enregistrés à l’aide su spectromètre
PERKIN-ELMER. Les spectres de la figure 3.11 ont été normalisés puis moyennés. Différentes
portions saturées ou trop bruitées ont été éliminées des spectres normalisés comme on peut le
voir sur l’agrandissement. La coupe globale est obtenue à partir du regroupement ou moyennage
de un ou plusieurs morceaux.
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Figure 3.13: Spectres d’absorption expérimentaux du 16O3 du LIPhy et de Brion [84] à la
température du laboratoire (295 K). Le rapport de la section efficace (normalisée et moyennée)
obtenu au LIPhy et celle de Brion parait sur la figure du bas. En pointillés on voit la ligne
marquant le "1" (l’identité des deux spectres). Les détails sur l’obtention du spectre moyenné
et sa normalisation sont mentionnés dans le texte.
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Tableau 3.4: Proportions des différents isotopologues dans les 5 échantillons formés à partir de
rapports connus d’isotopologues 16O2 et de 18O2.
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Figure 3.14: Schéma simplifié de la molécule d’ozone. les masses m1, m2 et m3 sont représentées
de même que les valeurs à l’équilibre des longueurs et angles de liaisons.

Figure 3.15: Centres des sections efficaces d’absorption ab initio et expérimentales du 16O3,
18O3 et de mélanges à 75/25, 50/50 et 25/75 de 16O2 et 18O2 initiaux.
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Figure 3.16: Largeurs des sections efficaces d’absorption ab initio et expérimentales du 16O3,
18O3 et de mélanges à 75/25, 50/50 et 25/75 de 16O2 et 18O2 initiaux.

Figure 3.17: Assymétrie des sections efficaces d’absorption ab initio et expérimentales du 16O3,
18O3 et de mélanges à 75/25, 50/50 et 25/75 de 16O2 et 18O2 initiaux.
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Tableau 3.5: Paramètres d’interpolations linéaires des centre, largeur et assymétrie. Le centre
et la largeur sont en cm−1. L’assymétrie est sans dimension.
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r1 r2 θ
Base Primitive Sine DVR Sine DVR Leg/R DVR
N 256 256 64
Grille [1.8,10.0] [1.8,10.0] [1.05,3.067]
n 40,50 40,50 35,40

Tableau 4.1: Paramètres de calcul de propagation pour le rapport de branchement de la bande
de Hartley. N est le nombre de fonctions de la Base Primitive utilisée. n es le nombre de SPFs
utilisées. Leg/R est la "restricted legendre DVR".

r1 r2 θ
Base Primitive Sine DVR Sine DVR Leg/R DVR
N 128 128 64
Grille [2.0,7.8] [2.0,7.8] [1.05,3.067]
n 25,25 25,25 20,20

Tableau 4.2: Paramètres de calcul de propagation pour le rapport de branchement de la bande
de Chappuis. N est le nombre de fonctions de la Base Primitive utilisée. n es le nombre de SPFs
utilisées. Leg/R est la "restricted legendre DVR".
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Figure 4.1: Tracé de contours de la Surface d’Energie Potentielle des bandes de Hart-
ley/Huggins. La figure est une coupe suivant r1 et r2, l’angle fixé à 108.1 degré. Le triangle
N sur la figure situe la position d’équilibre de l’état fondamental. l’écart entre chaque ligne est
de 0.3 ev (2420 cm−1).
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Figure 4.2: Tracé de contours et vue 3D de la Surface d’Energie Potentielle de l’état dissociatif
R suivant r1 et r2. L’angle a été fixé à 108.1 degré. On y observe les deux vallées par lesquelles
se dissocient les états de la bande de Huggins mais également la barrière de potentiel qui sépare
les deux voies de dissociation.
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Figure 4.3: Rapport de branchement électronique du 16O3 des bandes de Hartley/Huggins. Le
calcul effectué par la méthode de flux à travers des murs absorbants est comparée avec le calcul
quantique de Grebenshchikov et Rosenwaks [95] et classique de Schinke et McBane [67].

Figure 4.4: Rapport de branchement électronique de 16O3,
17O16O2 et 18O16O2 des bandes

de Hartley/Huggins entre 30000 et 50000 cm−1. Il est calculé par la méthode de flux à travers
des murs absorbants.
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Figure 4.5: Rapport de branchement électronique de 16O3,
18O16O2 et 16O18O16O des bandes

de Hartley/Huggins entre 30000 et 50000 cm−1. Il est calculé par la méthode de flux à travers
des murs absorbants.

 !"!# $%&&'()* +, -(%./0,1,.) 2*')'&234,

,) -.'( /+0 &$$'"#( $%&12 1' ()33*(# 1 4()!56 7 !# &"*#*3&8' + 9 ()33*(# "%)3:

3$&8'  ;5$'"&< 7 !# )'; &"*#*3*$*.' " )"=72#(&8' " 1 $%*>*! + ?)!" 5 ## " 5#&*! !*'"

 ;3(&7*!" $ ()33*(# 1 4()!56 7 !# &"*#*3&8' 5*77 $ ()33*(# 1' @'; 3)(#& $ A" 5:

#&*!  B5)5 3)(#& $$ C "'( $ @'; #*#)$ A" 5#&*!  B5)5 #*#)$ C 3*'( $ " <*& " &73$&8'2 "+

D! 3( !)!# $ 

16
E3 5*77 (2F2( !5 A"*! ()33*(# 1 4()!56 7 !# &"*#*3&8'  "# 1 G+H

3)( "=72#(& C !*'" ( 3(2" !#*!" I $) -.'( /+J $ " ()33*(#" 1 4()!56 7 !# &"*#*3&8' "

1 "

17
E

16
E2  #

18
E

16
E2 *4# !'" 3)( 3(*3).)#&*! 1 3)8' # 1%*!1  # 5)$5'$ 1 @';

3*'( $ " 4)!1 " 1 K)(#$ =LK'..&!"+

9*77 3*'( $ ()33*(# 1 4()!56 7 !# 2$ 5#(*!&8' M $% N # O7)"" 1 3 !1 !#O #(P"

2<&1 !# )'; 6)'# " 2! (.& " $% "# 7*&!" 1)!" $) (2.&*! 1 K'..&!"+ Q-! 1 7& '; $ 

12# (7&! ( 1)!" $) (2.&*! 1 K'..&!"  # )' 3(&; 1%'! 7*&!1(  N*(# !*'" $%)<*!"  ;3(&72

"'&<)!# $) 3(*521'( 1 $) " 5#&*! /+R+R+ 9 ## )33(*56 3 (7 # 1 7& '; (2<2$ ( $% N #

O7)"" 1 3 !1 !#O  # )&!"& 1 3*'<*&( ( 3(*1'&( $% !" 74$ 1' ()33*(# 1 4()!56 7 !#

&"*#*3&8' 1 "

17
E

16
E2  #

18
E

16
E2 1)!" $) 4)!1 1 K)(#$ =LK'..&!" 8'&  "# ( 3(2" !#2

I $) -.'( /+S+

SJ



 !"! #$%%&'() *+ ,'$-./+0+-(

Figure 4.6: Rapport de branchement isotopique de Hartley/Huggins des 17O16O2 et 18O16O2

obtenu par calcul de flux de paquet d’onde. En dessous d’approximativement 32000 cm−1 les
rapports de branchement obtenus sont extrêment bruités et donc pas valables.

Figure 4.7: Rapport de branchement isotopique de Hartley/Huggins des 17O16O2 et 18O16O2.
La contribution de la bande de Hartley, en pointillés pour E > 32500 cm−1, a été déterminée à
partir de la méthode de flux (et correspond donc à la figure 4.6 mais avec un lissage différent)
et celle de Huggins, en trait plein pour E < 32500 cm−1, par le rapport de sections efficaces
partielles.
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Figure 4.8: Rapport de branchement isotopique de Chappuis des 17O16O2 et 18O16O2. Le
rapport de branchement a été obtenu à partir d’un calcul de flux sur les deux PESs générant
la bande de Chappuis.
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Figure 5.1: Flux actinique solaire moyenné sur la latitude à diférentes altitudes. Le flux dimi-
nue considérablement dans la bande de Hartley (32000 - 50000 cm−1) du fait essentiellement
de l’absorption du rayonnement solaire par l’ozone. Noter l’échelle log du flux actinique qui
couvre 13 ordres de grandeur. Le faible "bruit" au delà d’environ 50000 cm−1 n’est pas réel ; il
correspond à un lissage plus fort.
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Figure 5.2: Facteur de fractionnement dans la bande de Chappuis : entre 12000 et 22000 cm−1.
Les données calculées (en noir) sont comparées avec celles de Liang et al. [17] (en rouge). Le
fractionnement obtenu à partir des données ab initio (en noir) a été moyenné sur 1000 cm−1 à
cause des oscillations. Les détails sont mentionnéss dans le texte.
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Figure 5.3: Facteur de fractionnement dans la bande de Hartley/Huggins : entre 28000 et
50000 cm−1. Les données calculées (en noir) sont comparées avec celles de Liang et al. [17] (en
rouge). Le fractionnement obtenu à partir des données ab initio (en noir) a été moyenné sur
1000 cm−1 à cause des oscillations. Les détails sont mentionnés dans le texte.
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Figure 5.4: Contribution à l’intégrale J du 16O3 entre 12000 et 50000 cm−1. Elle s’exprime
comme le produit de la section efficace du 16O3 par le flux actinique à différentes altitudes (0,
28, 40 et 80 kms). Les bandes de Chappuis, Huggins et Hartley sont marquées pour apprécier
leurs apports à l’intégrale J. Les figures équivalentes pour les autres isotopologues sont très
semblables à celle du 16O3.
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Figure 5.5: Comparaison entre les intégrales J du 16O3 expérimentale et ab initio à différentes
altitudes entre 0 et 80 kms. L’intégrale J s’exprime comme le produit de la section efficace du
16O3 par le flux actinique à différentes altitudes.
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Figure 5.6: (a) Taux de photodissociation de différents isotopologues de l’ozone. (b) Taux
d’obtention de O(1D) pour différents isotopologues. Les isotopologues pour lesquels ces taux
sont calculés sont les monosubstitués d’intérêt atmosphérique : 667, 668, 676 et 686.

'!#%#!$ 1%;4 !"5!$ !"# ! (!$ $!5#%&"$ !A525!$ 162B$& '#%&" 1!$ 1%;4 !"#$ %$&#&'&(&)*!$

+'2 5! C*! (! D*@ 25#%"%C*! !$# (! 3E3! '&* #&*$ (!$ <0 C*% $&"# 32@%32(!$ 12"$ (2

B2"1! 1! F*))%"$ 5&33! &" 2 '* $6!"  !"1 ! 5&3'#! $* (2 >)* !$ 1* 825#!* 1! 8 25G

#%&""!3!"# +>)* ! ?9H09 :!$ #2*@ 16&B#!"#%&" 16&@I)J"! 2#&3%C*! $%")*(!# K +L+

1
K00

$&"# &B#!"*$ !"  !3'(2M2"# 12"$ (64C*2#%&" ?9N (!  !"1!3!"# C*2"#%C*! 1! (2 'O&#&G

1%$$&5%2#%&" φ(λ) +5&"$%14 4 5&33! P2(2"# 2'' &@%32#%P!3!"# N '&* (6&7&"!0. '2 (!

 2''& # 1! B 2"5O!3!"# 4(!5# &"%C*! 52(5*(4 12"$ (! 5O2'%# ! 44 Q (!  2''& # 1! B 2"G

5O!3!"# 4(!5# &"%C*! +'&* (6&B#!"#%&" 1* L+

1
K00 !$# "*( '&* (!$ 4"! )%!$ !" 1!$$&*$

1! (2 (%3%#! 1! 1%$$&5%2#%&" 1! (64#2# R '&* 5O2C*! %$&#&'&(&)*!9

S* (!$ >)* !$ ?9, # &%$ )233!$ 162(#%#*1!$ $&"# %1!"#%>4!$ Q

• T* 1!$$*$ 1! UV W3. (! D*@ 25#%"%C*! !$# 82%B(!3!"# 2B$& B4 +5&3'2 4 = (2 P2(!* 

= /V W30 '2 (6&7&"! ' 4$!"# 2*@ O2*#!$ 2(#%#*1!$ !# (!$ #2*@ 1! 'O&#&1%$$&5%2#%&"

'&* (!$ 1%;4 !"#$ %$&#&'&(&)*!$ $&"# ) 2"1$ !# $!3B(2B(!$9

• X"# ! UV W3 !# YU W3 (!$ #2*@ 1! 'O&#&1%$$&5%2#%&" 1! #&*$ (!$ %$&#&'&(&)*!$

145 &%$$!"# B *#2(!3!"# 16*" 825#!* 1! YV '2 5! C*! (2 5&"# %B*#%&" 1! (2 B2"1!

1! F2 #(!I 1&3%"2"#! 145 &%# 5&"$%14 2B(!3!"#. #2"1%$ C*! 5!((! 1! (2 B2"1! 1!

ZO2''*%$ !$# ' 2#%C*!3!"# %"5O2")4!9

• X" 1!$$&*$ 1! YU W3 (!$ #2*@ 1! 'O&#&1%$$&5%2#%&" 2##!%)"!"# *" '(2#!2* C*% !$#

!$$!"#%!((!3!"# 1[ = (2 B2"1! 1! ZO2''*%$9

:! 3!%((!* 3&I!" 1! $!  !"1 ! 5&3'#! 1!$ '!#%#!$ 1%;4 !"5!$ !"# ! (!$ #2*@ 1!

'O&#&1%$$&5%2#%&" !$# 2* 3&I!" 1!$ !" %5O%$$!3!"#$ %$&#&'%C*!$ ' 4$!"#4$ 12"$ (2 $!5#%&"

/-



 !"! #$%&'()**+,+*' (-)').(/0+ +' '%01 2+ $3%&'()*

 !"#$%&'(

 !"!4!4 5*$(&6(--+,+*' (-)').(/0+

)*'%+",-"  '.'%& " /&/0"1!' '% 2/%,&"/% 3' 4*$4&"&!3'  *'50+".' '% 0/!+,'%&  '4/% 4$

2/+.!4'  !"#$%&' 6

εabc(h) = −100×

(

Jabc(h)

J666(h)
− 1

)

78(9:

)' ./"% +';<&' 4' 2$"& 1!*!% 4$+=' > ,/++' 0/%3 ? !% 4$+=' &$!5 3' 0-/&/3"  /,$"&"/%

7'& 3/%, 3' &+!,&"/%: 3*!% " /&/0/4/=!' 6 /% 0$+4'+$"&  "%/% 3*$00$!#+"  '.'%& 04!&@&

1!*'%+",-"  '.'%&( )'

16
A3 ' & 0+" 0/!+ +B2B+'%,' 3$% 4$ .' !+' /C "4 +'0+B '%&' DDE

3' 4$ 1!$%&"&B &/&$4' 3*/F/%'(

)$ G=!+' 8(H +'0+B '%&' 4' '%+",-"  '.'%& " /&/0"1!' 0/!+ 3"IB+'%& " /&/0/4/=!' (

)' '%+",-"  '.'%& ,$4,!4B 3$% 4' ,$3+' 3' ,'&&' &-< '  /%& +'0+B '%&B 0$+ 3' 4"=%' 

Figure 5.7: Enrichissement en fonction de l’altitude de différents isotopologues (667, 668, 676,
686) de l’ozone. Les lignes avec les symboles représentent l’enrichissement calculé dans le cadre
de ce travail ; les autres plus marquées sont celles obtenues par Liang et al. [17].
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Figure 5.8: Enrichissement en fonction de l’altitude de différents isotopologues (667, 668,
676, 686) de l’ozone en excluant la bande de Huggins. Les lignes avec les symboles représentent
l’enrichissement calculé dans le cadre de ce travail ; les autres plus marquées sont celles obtenues
par Liang et al. [17].
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Figure 5.9: Pourcentages des bandes de Chappuis et Huggins/Hartley en fonction de l’altitude
dans le taux de photodissociation du 16O3. Le taux de photodissociation a été obtenue à partir
de l’intégrale J ab initio intégrée entre 12000 et 50000 cm−1.
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Figure 5.10: Enrichissement partiel des bandes de Chappuis et Huggins/Hartley en fonction
de l’altitude du 16O18O16O.
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Figure 5.11: Enrichissement en O(1D) en fonction de l’altitude de différents isotopologues (667,
668, 676, 686) de l’ozone. Globalement, tous les isotopologues rares produisent moins de O(1D)
que le 16O3.
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