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Asymmetry sum rule for molecular predissociation
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In the case of weak diatomic molecular predissociation by noninteracting, optically inactive continuum
states, it is demonstrated that the predissociation line shape is more accurately represented by a Beutler-Fano
profile than by a Lorentzian. The weak asymmetry that is found to occur is due principally to interactions with
neighboring vibrational resonances. For this type of predissociation in the case of multiple continua, a sum rule
for the corresponding line-shape asymmetry is derived. This sum rule is verified numerically using single-
channel and multichannel coupled Satirger-equation calculations for the Schumann-Runge band system of
O,. Similar results are presented for the case of optically active continua.
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[. INTRODUCTION those where the predissociation is spin-orbit induced, are in
the weak-interaction, NIRA regime and involve optically in-

Diatomic molecular predissociation, a process in whichactive continua. Therefore, most simulations of such sys-
interaction between a bound state and a continuum leads tems, with applications, e.g., in atmospheric photochemical
spectral broadening and shifting, together with the consemodels[10], have been based on the Lorentzian prdfll&].
guent production of atomic fragments, is an important pro-However, neglect of both the energy dependences of the line-
cess in the photochemistry of the terrestrial atmosphereshape parameters and the effects of interactions between
Weak predissociation is commonly treated theoretically usfresonances makes this line-shape assumption questionable
ing the Fano configuration-interacti¢@l) framework[1-3]  away from the central part of the resonance. In fact, through
in which the predissociating resonance is characterized bthe use of a coupled-channel Sctirger equation(CSE
(energy-dependenwidth, shift, and line-shape parameters. scattering-theory treatment, which is applicable for all ener-
In the case of a single bound state embedded in the comies in a vibrational sequence of predissociated levels, it has
tinuum, and where the energy dependences of the parametdrgen suggesteld 2] that each resonance is described accu-
may be neglected, the resonance hasyanmetrig Lorentz-  rately to much greater distances from the resonance center by
ian line shape in the case of an optically inactive continuuma Fano, rather than a Lorentzian, profile. This distinction is
or an(asymmetri¢ Beutler-Fand 1,4] line shape in the case of particular importance, e.g., in the development of models
of an optically active continuum. If the energy dependence®f the absorption of solar vacuum-ultraviolet radiation in the
of the parameters over the resonance cannot be neglectddyrestrial atmosphere, where it is thengs of the predisso-
then these formalconstant-parametetine shapes do not ciated lines of the Schumann-Run¢&R) bands of Q that
apply [5,6], the Lorentzian, in particular, becoming asym- control the penetration of radiation to the lowest altitudes
metric[5]. Furthermore, in cases where several bound statdd2].
are embedded in the continuum, interactions between the Furthermore, many examples of predissociation involve
resonances may provide an additional contribution to thénteractions with multiple, mutually noninteracting continua.
line-shape asymmetrj1,3,7]. Treatments of such interac- In the weak-interaction, IRA regime, ¢L,3] and analytic
tions between close-lying resonances have been reported fecattering-model13] methods indicate that, when a bound
transitions to the different fine-structure components of arstate is coupled to a set of such continua, the width and shift
electronic stat¢8] and to vibrational levels of different elec- contributions from each continuum are additive. These two
tronic stateg9]. “sum rules” for the width and shift have also been verified

Here, however, we are concerned principally with thenumerically by comparisons between the results of single-
weak predissociation of well-separated vibrational levels ofthannel and multichannel scattering-theory calculations for a
an electronic state, where it may be assumed that the resaumber of real predissociation problefrit,15. The valid-
nance widths are much smaller than the separation betwedty of the sum rules makes it unnecessary to perform multi-
adjacent resonances. This condition is usually associatezthannel calculations, allowing, e.g., each individual interac-
with the isolated-resonance approximati®RA), which re-  tion to be treated using the perturbative CI theory.
duces to the single-resonance case. However, since here weln this work, using the Fano-Mies formalispi,3] we
wish to consider the small effects of interactions betweerconfirm that the line shape for weak predissociation by non-
resonances, we call this condition the nearly-isolatedinteracting, optically inactive continua is more accurately
resonance approximatigiNIRA). represented by a Fano profile than by a Lorentzian. In addi-

Many real examples of predissociated band systems, e.dipn, we suggest a sum rule for the line-shape asymmetry for
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this type of molecular predissociation in the case of multiplewhere the symbols are defined below. The dimensionless en-

continua. This asymmetry sum rule is verified numericallyergy parameter

using single-channel and multichannel CSE calculations for

the SR band system of ;OFinally, similar results are pre- ~ E-[Eo+A(E)]

sented for the case of optically active continua. €= 1 ' )

ST(E)

II. LINE-SHAPE THEORY

whereE is the energy of the upper state in the photabsorption

processE, is the (unperturbedl energy of the bound state,
The Fano CI treatmenjtl,3] of an isolated diatomic pre- and the “width function”

dissociating resonance can be expressed in terms of the nor-

malized discrete vibrational wave functiah in the bound I'(E)=27V?(E), 3

diabatic potential-energy curve, the energy-normalized con-

tinuum radial wave function® , in the dissociative diabatic WhereV is the dissociation amplitude. In the case of nonin-

potentials ¢=1,2,3 . . .) that cross the bound potential, the teracting continuay satisfies the relation

electronic coupling functiond, between the bound elec-

tronic state and the dissociative electronic stateshe nor- 2(Ey — 2

malized discrete vibrational wave functiafy of the initial VAE) za: Val(B), @

state in the photoabsorption process, and the electronic tran-

sition amplitudesr and 7, from the initial to the bound and whereV,, is the dissociation amplitude to continuum

dissociative electronic states, respectively. In the Fano theory

A. The isolated resonance

[1,3], the continuum states are chosen as noninteracting, i.e., Vo(E)=(Ru(E)|h,| ). 5)
(Ro(E")|h .5 Re(E"))=0, whereh, 4 is the electronic cou- o o
pling between continua and 3. The “shift function

In the general case, where there is nonzero photoabsorp-

tion to at least one of the dissociative continua, the photodis- A(E)= ip dE,F(E') ®
sociation cross section has the fofin3] T 27 E—g'’
2
U:Ud(Q+€) +(ge—0yg) (1)  Where P indicates that the principal value should be taken.
1+¢€? ¢ The profile function[1,3]
|
(Gl + 3P| dEVLENRE 7l (E-E"
q(E)= - (7
72 Vo ENRA(E)|7e] 1)
|
o is the total cross section to all the continug; is the B. Energy dependence
cross section to that part of the enefgycontinuum space If the continua are optically inactivéphotoabsorption to
into which the bound state decayks]: each continuum is zero, i.gR |7,/ ¢i)=0 for all @), then
o.=0=0y and, if there is any absorption at difj — = [see
2 Eq. (7)]. Under these conditions, the Cl procedure3]
D [VLE)V(E)ARL(E)| 7. i) which leads to Eq(1) in the case of optically active continua
oy(E) ®) yields the following result for the photodissociation cross
g (E) ' section:
; 2 KRa(E)lral )
“ 1
o > 1T(E)
If the resonance is so narrow treatl’, A, o4, ando can - , |1 2 ©)
be taken to be constant over its peak, then the energy depen- [E-(Eo+A(B)]"+| 5 T'(E)

dence of the cross sectiendefined by Eq(1) is contained
entirely in €, a linear function of energy. In this case, the
resonance peak is said to have the Fano profile form, withvhere the energy-independent factey is the integrated
profile indexq [1,3]. photoabsorption cross section to the dissociating state in the
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bound diabatic potential. If' and A can be taken to be oy,
constant over the peak, then the peak has a Breit-Wigner or 9*(E)og(E)~ w1
Lorentzian line shape, with a maximum at enefgy E, =T'(E)
+A and a full width at half maximuntFWHM) of T". 2

It has been demonstrated numerically by Bandrauk and
Laplante[5] that the energy dependencesE) {and, con-  Substituting Eq(14) into Eq.(1), if (¢/q)?<1 we may write
sequently, ofA(E) [see Eq.(6)]} over a peak introduce an

(14)

asymmetry into the Lorentzian line shape. Here, we charac- op 1 1+(2/0)e

terize the approximate shape of the asymmetric line. In the o= —— t(oc—0q). (15
particular case of interest to this work, weak energy varia- m T 1+e

tions over a narrow peak result in a slightly asymmetric, 2

near-Lorentzian line shape. The energy dependent bf
is, to a good approximation, determined by the energy deTaking account of the definition efin Eq.(2), Eq.(15) may
pendences of the Franck-Condon facti§®,(E)|#)[>. Al-  be simplified in the manner described above for Bj.in
though these Franck-Condon factors may be oscillatory functhe case of optically inactive continua. In addition to the
tions of energy5], over a narrow peak it is reasonable to useenergy dependences described by E¢6) and (11) for I
a linear approximation for the small variationsIofE) and  and A, respectively, X, o4, ando, are assumed to have
A(E): weak, linear dependences on energysjf1 and|s/q|<1,

it follows that

1 1. .
“T(E)~=T'+s(E-E), (10) .
2 2 o, 1 1+(s+2lq)e . .
0'%?1——24'(0'(:_0'(]), (16)
and - l+e
2
A(E)~A+S(E—E), (12)

whereq=q(E), .= 0.(E), 04= o4(E), and the energy de-
whereE is given byE:EOJFA(E), sz(E), A=A(E), pendence of thed,—o4) background term has been ne-

~ . lected[17]. Thus, as in the case of E(L3) for opticall
and the slopesands are expected to be small. The resulting i%active[ co]ntinua, it is the energy depecﬁd)ence (Emm%
denominator in Eq(9) is a quadratic in E—E). Its form  fynction that provides the major additional contribution to
may be simplified by completing its square, i.e., by using thgne line-shape asymmetfiL8], which is very close to /2
relation Ax>—2Bx+C=A[x—(B/A)]?*+[C—(BYA)]. In +1/) for Eq. (16)
terms of a dimensionless parametgiinear in energy, and To within a constant background cross-section term, the

defined by line shapes defined by Egél3) and (16) have the same
1 form, which we will call the pseudo-Fano profile, and may
E—{E— Z's/[(1-3)2+¢2] be compared with the near-Lorentzian Fano profile defined
_ 2 12 by the constant-parameter version of Eth). Thus, narrow,
€= 1. - ~ ’ (12) isolated predissociation resonance peaks for both optically
S (1=9)/[(1=-8)"+57] inactive and optically active continua have, to a very good
approximation, the form of a constant-parameter Fano profile
with a large effective profile indeg®" given by

Eq. (9) may be rewritten, ifs|<1, as

1 1 1
Oy 1 1+se S (17)
~— 1 o (13 qeff 9 (1)qeff
=
2
where
The profile defined by Eq(13) is, for s’<1, a near-
Lorentzian, slightly asymmetric peak with an asymmetry 1 s
(high-energy minus low-energy half widths at half maxima Wﬁ PR (18

divided by the FWHM very close tos/2.

Under similar conditions of approximation, it is also of
interest to consider the effect of energy_dependent paranﬁ.nds is half the Slope of the width function at the absorption
eters on the Fano line shape for predissociation by opticallfpeak. In Eq.(17), 1AYq°" represents the contribution to the
active continua. In the case of weak coupling, where thdnverse effective profile index caused specifically by energy
principal-value terms in the numerator of E) may be dependences of the line-shape parameters, and is equal to its
neglected in comparison with the discrete transition momentvalue in the case of predissociation by optically inactive con-
it follows from Egs.(3), (7), and(8) that tinua (14=0).
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C. Interacting resonances op, 1 1+(2/q5ﬁ) EZ

The effects on line-shape asymmetry of interactions be- EAR 1+ "2 (oc—0q)
tween resonances are revealed most transparently by consid- EF” v
ering the case of decay to a single continuum. That case has
been addressed specifically by Fdid and Mies[3]. If the 1 1 oy
continuum is optically inactive, the photodissociation cross +2 — (22)
section may be written in the forfii9] v'#v € Gy (ML,
2 where
[2 (t, /7V,)(1le,) .
~L 0,,(E,)
7 2 (19 e=¢,+ > (22
1+ 2 (1/e,) v'#v €y
v
1 1 1
o - g T @t (23
where the subscript indicates the vibrational quantum num- g 9, g
ber of the dissociating state,=(¢,|7|¢;) is the real,
energy-independent transition amplitude to that state, and th&nd
energy parameters,=2(E—E,)/I', [20]. We emphasise
here that, in the NIRA, where there are rather weak cou- EF (E,)
plings between the bound vibrational states and the con- 1 -3 Ly Vyra(Ey) 277
tinuum, it is a justifiable approximation to use the diabatic, @qef 2, b VilE) E,—E
v v'#v U va\=v v v’

or unshiftedwave functiong1,3] in evaluating the relevant
matrix elements in Eq(19).

Equation(19) may be simplified further if the NIRA is :772;4
applicable. In this case, the sums in its numerator and de-
nominator may be split into two terms: an energy-dependent t, [T,(E,)T, (E,)]"?
term associated with the main resonamceand an energy- T2~ i E_E
independent term associated with the sum over all other reso- viEv v v
nances’, since, for energies in the region of the main reso- (24)
nance, 1¢,>1/e,,~ const. Using this approximation, and

completing the square on the denominator, as in Sec. Il BN Eds.(22) and(24), theO,,/(E,) are elements of the over-
we may write lap matrix introduced by Mieg3]. The nearly constant final

term on the right-hand sidd&RHS) of Eq. (21), by compari-
son with the first, can be seen to represent the sum of the

tv_’ Vva( Ev)vv’a( Ev)
v #v tl} Ev_Evr

Ovv’(Ev)-

2 wings of the other resonances.
|1+ > (t, It (V, IV, ) (1le, ) e;} Thus, neglecting constant background terms, the NIRA
Oy 1 v'#v line shape for predissociation by multiple optically active
R 1+¢'2 ' continua has the form of a pseudo-Fano profile. The effect of
EFU Y interactions between the resonances via the continua, as in

(20) the case of predissociation by a single, optically inactive
continuum, is to modify the effective line-shape asymmetry,
this contribution to the inverse effective profile index being
given by Eq.(24). If the effects of energy-dependent param-
eters, as described in Sec. Il B, are included for the main
resonance, then the total inverse effective profile index is
given by

where abvztf is the integrated photoabsorption cross sec
tion to the dissociating state with vibrational quantum num-
berv, the shifted energy parametef=e¢,+2, .,(1/e,),
and all bound-continuum matrix elements are to be evaluate
atE=E,. Thus, in the NIRA, the line shape for predissocia-
tion by a single, optically inactive continuum, which in- i%i 1 1
—+ + :
cludes the effects of indirect interactions with other reso- " q, Mgt @gef
nances via the continuum, has the form of a Fano profile
with an inverse effective profile index given by the sum in
square brackets in the numerator of E20).

This result may be generalized to the case of weak pre- A number of sum rules follow from Ed4) for noninter-
dissociation by several continua, some of which may be opacting continua in the IRA. The width-function sum rule
tically active. Starting with the matrix equation for the partial
photodissociation amplitudg&q. (35) of Ref.[3]], and us- F(E)=E I (E) (26)
ing similar approximations to those above, we find A

(25

D. Sum rules

012513-4
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8.0

6.0 |

Potential Energy (eV)

1.0 2.0

Internuclear Distance (A)

3.0

4.0
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TABLE Il. Magnitudes of percentage differences between CSE-
calculatedB3EJ<—X3E§(v,0) line profiles for an optically active
%11, continuum and fitted Fano profiles, as a function of the dis-
tance from the peak, in units of FWHM'}. The CSE profiles have
been fitted to the constant-parameter version of (Eq.

To=211,=0.3 a.u. To=211,= 1.0 a.u.
+1r +10' =300 +1T +10I' =300

<

1.9<10°° 0.006 0.16 2.&10°% 0.074 0.59
2.9<10°% 0.094 192 4%10° 0841 471
1.8<10°° 0.006 0.16 3.x10* 0.106 1.55
1.4<10°* 0.046 125 2.X10°% 0628 554
43<10°% 0.145 335 5&10° 1.397 10.19
9.4<10°% 0.003 0.07 1.310°% 0.373 4.22
42x10°° 0.019 055 6.4%10* 0.218 3.30
48x10°° 0.021 052 9%10* 0.276 3.33

~NOoO o~ WNPRE O

FIG. 1. Model potential-energy curves for states involved in the8 20x10°° 0006 019 4.K10% 0135 217

B33, —state predissociation. The energy scale is referred to ths

minimum in the ground-stat¥ °S - potential.

where

I (E)=27V4(E)

(27)

is the width function for dissociation into continuwmonly,

follows from Eqgs.(3) and(4). If the resonance is so narrow

8.9x10° ¢ 0.001 0.04 8810° 0.030 0.71
10 1.9<10° 0.006 0.17 1.X10°% 0.039 0.70
11 56x10° 0.019 054 1.610“* 0.050 0.80
12 1.3x10°° 0.004 013 2%10°° 0.009 0.23
13 8.8<10°7 0.000 0.00 1.x10® 0.000 0.01
14 55<10% 0000 000 5%10°°% 0.001 0.03
15 1.3x10°° 0.001 0.02 1.%10°° 0.004 0.09
16 45<10% 0001 003 6%10°% 0.001 0.02

—5 —5
TABLE I. Magnitudes of percentage differences between csel7 1.9x10 0.006 017 2.&10 0.008  0.14

caIcuIatedB3EJ<—X32§(v,0) line profiles(for optically inactive

18 3.2<10°° 0011 029 5%x10°° 0.016 0.29

continua and fitted Fano and Lorentzian profiles, respectively, as al9 3.9<107°> 0.013 036 6.%10° 0.021 0.38
function of the distance from the peak, in units of FWHW)(

Fano profile fit

Lorentzian fit

v +1rI +100 =30 =1 =10 =300

0 5.8x10°°  0.07 0.7 0.05 0.8 2.4
1 2.7x10°*%  0.32 2.8 0.16 2.5 7.6
2 1.5<10°° 0.01 0.1 0.21 3.4 10.2
3 2.4<10°*  0.30 2.7 0.28 4.6 13.8
4 1.0x10°%  1.17 10.2 0.54 8.6 245
5 9.6x10°°> 0.11 1.1 0.38 6.1 18.3
6 25104 0.28 25 0.35 5.7 17.0
7 1.2x107*  0.14 1.2 0.31 5.1 16.3
8 5.3x10°°  0.06 0.6 0.42 6.8 21.1
9 1.5<10°%  0.17 1.6 0.18 2.9 8.5
10 2.7x10°°  0.03 0.3 0.14 2.3 7.0
11 1.2x10* 0.14 1.3 0.30 4.8 14.8
12 2.0<10°° 0.02 0.2 0.60 9.7 30.4
13 45<10°° 0.05 0.5 0.18 2.9 8.8
14 8.2x10°° 0.10 1.0 0.27 45 13.3
15 15<10°° 0.03 0.3 0.39 6.3 19.0
16 85<10°° 0.10 0.9 0.26 4.2 12.8
17  1.4x10°%  0.17 15 0.07 1.2 3.7
18  15x10* 0.18 1.6 0.08 1.3 3.8
19 1.3x10* 0.16 1.4 0.18 2.9 8.7
20 1.1x10* 0.13 1.3 0.22 3.6 11.0
21 89x10° 0.3 1.2 0.22 35 10.7

8CSE profiles fitted to constant-parameter version of (Egwith a
zero background termo(.— o).

20 4.0<10° 0.014 038 7.X10° 0.023 0.43
21 3.5x10° 0.014 040 7.610° 0.025 0.48

that I" can be taken to be constant over its peak, then the
well-known width sum rulg1,3,15 follows. Similarly, from

Eq. (6) for the shift function, the sum rule fdr(E) implies

the following sum rule for the shift function:

A(E)=2] A,(E), (28)
where
1 I, (E
Aa(E)EEPI dE,Ef—E’) (29)

is the shift function for dissociation into continuuanonly.
Again, if the resonance is narrow enough thatmay be
taken constant, the energy-shift sum r[d&] follows.

In the case of a Fano predissociation profile, where, by
definition, the energy dependences of parameters over the
peak may be neglected, the principal-value integrals in Eq.
(7) are negligible, so that

1 1
@ ¥ 0

where

012513-5
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2.0 -— \7 - . A 2% S ]
e—o CSE _‘&‘-;_1;4
40| % -4 NIRA ] ]
v-—vIRA ]
B PRI N NN SR TR SR T N ST SN ST SR [ T WO N S |
B [ R — 0 5 10 15 20
v v
FIG. 2. Comparison between exaBtS ;X33 (v,0) line- FIG. 4. Comparison between exaBt’S ; —X 3 (v,0) line-

shape asymmetries /' for pred|SSOC|at|0n by a smgle inactive shape asymmetries ff! for prdISSOCIaUOH by a snngle inactive
a=33 continuum, calculated using the CSE, and perturbative esa="TI,, continuum, calculated using the CSE, and perturbative es-
timates of the specific contributions due to interactions with othertlmates of the specific contributions due to interactions with other
resonance§1/2qe" | Eq. (24), labeled NIRA, and due to the en- resonance1/?)qsy, Eq. (24), labeled NIRA, and due to the en-
ergy dependence of the width paramétbfge" | Eq.(18), labeled ~ ergy dependence of the width parameteftqS), Eq. (18), la-
IRA]. belled IRAJ.

(o] 7| ) From Eq.(30), it follows that the first term on the RHS of
0,= m (31 Eq. (32) obeys a sum rule orr. From Eqs.(10) and(26), it
a\ el fal ¥ follows that

is the profile index for dissociation to continuum only.
Thus, a Fano profile for an isolated state dissociating to sev- S, = Z Spas (33
eral continua satisfies an inverse profile index sum rule. @

We consider now the total inverse effective profile index
defined by Eq.25), which contains the effects of energy- wheres,, is the slope of3T",,. Equations(18) and (33)
dependent parameters and interacting resonances discussegly that the second term on the RHS of E§2) obeys a
in Secs. Il B and Il C, respectively, and introduce an effec-similar sum rule. Finally, the form of Eq24) indicates that
tive index qv for the corresponding profile for dissociation the third term on the RHS of E§32) also obeys a sum rule.

into continuume only: Therefore, we may write
1 1 1 1 1 1
- e (32) S~ e (34)
o G O g a’ @ agh

40.0 T T T A B B B S B S B
40| .

- +— CSE [ s ]
300 | £---= NIRA . 20| 1, .
*-—v [RA : [ ]

20.0 j/\ -] 0.0 [ . v V- XV Ry oy y]
.. M /\ ot

eff
va

T w0 B3 _:
ﬁo 9 ]
T ook S e CSE ]
&----4 NIRA E
-10.0 a2 ¥-—-v |RA _

200 L golo L ' L

0 0 5 10 15 20

14 "4
FIG. 3. Comparison between exa®t’s, X 3% (v,0) line- FIG. 5. Comparison between exa®t’s, X 3% (v,0) line-

shape asymmetnesqlﬁ/f for predlssomatlon by a smgle inactive shape asymmetnesqﬁ' for predlssomatlon by a snngle inactive
a="5TI, continuum, calculated using the CSE, and perturbative eser="°II,, continuum, calculated using the CSE, and perturbative es-
timates of the specific contributions due to interactions with othertimates of the specific contributions due to interactions with other
resonancef1/?)q®" | Eq. (24), labeled NIRA, and due to the en- resonancef1/?)qe" , Eq. (24), labeled NIRA, and due to the en-
ergy dependence of the width parameﬁttﬂfl)qm , Eq.(18), labeled  ergy dependence of the width paramétb/?l)qva, Eq.(19), labeled
IRA]. IRA].
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TABLE IIl. Comparison of calculated single-channel and multichannel predissociation line widths for

O,[B3,, (v)], in units of cnT* FWHM. The linewidths are from zero-background Fano-profile fits to CSE

line shapes for SR predissociation by optically inactive continua.

v a=3I12 a=°I12 a="12 a=5%3 12 N A rp° % Diff. ©
0 0.01715 0.00002 0.11670 0.00000 0.13386 0.13395 0.07
1 0.05994 0.00216 1.06302 0.00000 1.12512 1.12552 0.04
2 0.12130 0.07691 0.28066 0.00000 0.47887 0.47798 —0.18
3 0.18587 0.89974 0.65800 0.00022 1.74383 1.74362 —0.01
4 0.23901 3.14506 0.10205 0.00680 3.49291 3.49455 0.05
5 0.27191 1.67408 0.04123 0.09093 2.07814 2.07692 —0.06
6 0.28088 0.62063 0.25285 0.48457 1.63892 1.63948 0.03
7 0.26996 0.99308 0.35145 0.73624 2.35073 2.35253 0.08
8 0.24349 1.07505 0.30502 0.03248 1.65604 1.65501 —0.06
9 0.20783 0.00288 0.20442 0.39517 0.81030 0.80958 —0.09
10 0.17037 0.74388 0.11471 0.00118 1.03013 1.03038 0.02
11 0.13326 0.85503 0.05436 0.25194 1.29458 1.29521 0.05
12 0.10155 0.27439 0.02170 0.15171 0.54935 0.54791 —0.26
13 0.07492 0.00222 0.00668 0.00210 0.08593 0.08533 —0.70
14 0.05399 0.08602 0.00124 0.04542 0.18667 0.18685 0.10
15 0.03839 0.21477 0.00002 0.09868 0.35187 0.35229 0.12
16 0.02705 0.25842 0.00020 0.09456 0.38023 0.38067 0.12
17 0.01898 0.23425 0.00059 0.06550 0.31933 0.31958 0.08
18 0.01322 0.18391 0.00082 0.03864 0.23659 0.23665 0.02
19 0.00899 0.13134 0.00084 0.02086 0.16203 0.16199 —0.03
20 0.00570 0.08464 0.00069 0.01050 0.10153 0.10147 —0.06
21 0.00300 0.04458 0.00042 0.00461 0.05260 0.05256 —0.09

8 rom CSE calculations with indicated single dissociative channel.
bFrom CSE calculations with four simultaneous dissociative channels.
1000, =2 I, )IT, .

similar to the result Eq(30) for the Fano profile. As the are less than 4 cnt [27], small compared with the vibra-
asymmetry O_f a profile is very close to the inverse of itstional spacing, the NIRA is satisfied for this system. Since
effective profile index, the sum rule E(@4) can be regarded  the crossing points of the various repulsive curves with the
as an “asymmetry sum rule_.” Such sum rules do not appeag_state potential are well separatéskte Fig. 1, and since
to have been reported previously. they have only weak mutual electronic interactions, the con-
dition of noninteracting continua is satisfied. Finally, transi-
tions from thex32§ state to the continua are electric-dipole
forbidden, except for that to the’ll,, state. The electronic
o . o . 3w transition moment for the3ﬂuex32§ transition is known
Oguridescnptlon of predissociation in the SBX, {4 he very small[28,29 and there is very poor Franck-
—X"%4 (v,0)] bands of @ is based on the model of Juli- condon overlap with the ground state in the region of the SR
enne and Krausg21] and Julienng22], whereby the bound  hands. Therefore, the condition of optically inactive continua
B®Y, state couples, principally by spin-orbit interaction, to is effectively satisfied. Thus, the SR sytem of, ®f such
four repulsive states,*I1,,, 1'II,, 1°I1,, and 23 . The  importance to the photochemistry of the terrestrial atmo-
particular implementation of that model used here is that okphere, provides a convenient test bed for numerical investi-
Lewis et al.[12]. Briefly, theX- andB-state Rydberg-Klein- gation of the validity of the main findings of Sec. II.
Rees potential-energy curves and electronic transition mo- The results to be discussed in Sec. Il B were obtained
ments of Ref[23], and the exponential repulsive potentials from various perturbative and CSE calculations. Uncoupled
and R-independent spin-orbit couplings of R¢R4] were  radial wave functions for the diabatic potentials employed in
employed. The model potential-energy curves are shown ithe perturbative ClI calculations were obtained using the
Fig. 1. Calculations were performed only for the levels of  renormalized Numerov method of Johnd@&®]. Multichan-
180, (©2=1, J=N, f parity[25]) in the rotationless case, so nel SR photodissociation cross sections, calculated using the
rotational coupling between tH2®> | and 11, stateg21]  diabatic CSE formalism described in RE31], with the pre-
was not considerefR6]. dissociation model outlined above, were used to obtain nu-
Since the spin-orbit couplings are all less than 100 tm merical resonance line shapes for the rotationBssX (0,0)
[24], and the corresponding SR predissociation line widthdo (21,0 transitions for comparison with the theory of Sec.

Ill. COMPUTATION

A. Predissociation model
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TABLE IV. Comparison of calculated single-channel and multichannel energy shifts,{@%®, (v)],
in cm~L. The energy shifts are derived from line centers obtained from zero-background Fano-profile fits to
CSE line shapes for SR predissociation by optically inactive continua.

v a=3112  a=°I} a="112 a=3%3 12 S A AP % Diff.¢

0 0.17311 -0.29844 —0.35838 —0.0403¢ -0.52411 -0.52369 —0.08

1 0.18905 —0.39748 —0.29835 —0.0478F  —0.55467 —0.55447 —0.04

2 0.19415  —0.61549 0.24704 —0.05892  —0.23323 —0.23344 0.09

3 0.18501 —1.01597 —0.03081 —0.07668 —0.93846 —0.93845 0.00

4 0.16332 —0.55113 —0.06923 —0.11178 —0.56882 —0.56879  —0.01

5 0.13376 0.95636 0.10730 —0.18692 1.01051 1.01094 0.04

6 0.10174 -0.18218 0.14273 -0.21896  —0.15666 —0.15740 0.47

7 0.07226 0.72951 0.07581 0.09541 0.97300 0.97315 0.02
8 0.04817  —0.01221 0.01086 0.14475 0.19156 0.19133 —0.12

9 0.03103 0.34433 —0.01581 0.02881 0.38836 0.38844 0.02
10 0.02052 0.56384 —0.01292 0.09387 0.66531 0.66555 0.04
11 0.01598 0.22566 0.00456 0.13163 0.37783 0.37739-0.12

12 0.01545 0.14997 0.02356 0.03088 0.21985 0.21960-0.11

13 0.01773 0.32113 0.03970 0.07885 0.45741 0.45789 0.10
14 0.02140 0.44196 0.05121 0.12537 0.63993 0.64027 0.05
15 0.02536 0.45337 0.05846 0.11512 0.65231 0.65247 0.02
16 0.02905 0.41824 0.06262 0.09292 0.60283 0.60281 0.00
17 0.03218 0.38406 0.06474 0.08190 0.56289 0.56276—0.02

18 0.03473 0.36412 0.06567 0.08066 0.54517 0.54503-0.03

19 0.03680 0.35659 0.06594 0.08357 0.54291 0.54281-0.09

20 0.03856 0.35683 0.06586 0.08737 0.54862 0.54855—0.01

21 0.04003 0.36066 0.06551 0.09071 0.55691 0.55687—0.01

8 rom CSE calculations with indicated single dissociative channel.
From CSE calculations with four simultaneous dissociative channels.
€100A,—=,A,)/A, .

dFitting region~500 FWHM.

°Fitting region~70 FWHM.

[I. In addition, in order to validate the sum rules, single- Table | shows a comparison of the resulting best Lorent-
channel calculations, i.e., solutions of the CSE for the casezian and Fano-profile fits to th®,0) through(21,0 rotation-

of each dissociative channelof the four,a=1°11,, 1°I1,,, less SR absorption peaks. These results confirm that the Fano
11, and fz; , coupled to theB?’EJ state one at a time, prof_ile. proyides a much better description of .the real predis-
were performed using the same predissociation model. Fiociation line shape than does the Lorentzian. The largest
nally, indicative calculations were performed for the case ofdiScrepancy in the Fano-profile fits of Table I occurs dor
optically active continua by artificially assigning nonzero ~ 4. the broadest resonance in the SR system. A detuning of

3y — . o +30 FWHM from this resonance corresponds to
values to the 3IT,—X 34 electronic transition moment. +105 cnrL, or 17% of the mean vibrational spacing of

605 cm ! [23]. Thus, the 10% difference between the cal-

B. Results and discussion culated (4,00 profile and the Fano fit for this detuning is
1. Line shapes I’i\lklalxto be related to the the beginnings of breakdown of the

In the case of optically inactive continua, each SR reso- comparable indicative calculations have also been per-
nance cross section computed using the CSE method and thérmed for the case of optically active continua. Multichan-
full (four dissociative channelgredissociation model de- ne|l CSE cross sections for an actiéﬁ[u continuum were
scribed in Sec. Il A was least-squares fitfed®] both to a  fitted to a constant-background Fano profile. The results,
zero-background Fano profil@3] and to a Lorentzian pro- given in Table Il for two values of théll,— X33 elec-
file. Where possible, the range of energies for the fit wasronic transition moment, show, as in the inactive-continuum
chosen so that the cross section at the left and right endase, that the predissociation line shape is well represented
points was down by a factor of 100 compared with the pealby a Fano profile. In order to retain this degree of agreement
cross section. This corresponds to a range of energies &br values of the electronic transition moment significantly
about 10 FWHM, with the peak approximately centered.arger than 1 a.u., however, it is necessary to take into ac-
Within this range, the fit parameters were quite insensitive t@wount the explicit energy dependence of the background con-
the exact width of the energy interval. tinuum component.
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TABLE V. Comparison of calculated single-channel and multichannel effective Fano profile imyfites
for the B3% ;X33 (v,0) bands of @ (for optically inactive continup including verification of the 1*"
sum rule. The effective profile indices are from zero-background Fano-profile fits to CSE line shapes.

v a=3112 a="T12 a=M2  @=%37% U3 (1" qee % Diff.¢
0 —2100.5 1.%10° 3617.7 —-5010.6  —5016.0 0.11
1 —1862.2 2.x10° 852.9 1561.5 1560.3 —0.08
2 —1798.0 7301.2 —-2303.6 4.X10° -11747  —-1171.4 —0.28
3 -1917.5 864.0 19188  2810° 864.0 864.8 0.10
4 —2287.6 464.2 2191.7  85990.0 457.7 457.4 —0.07
5 —-3143.4 —941.2 —3653.6 8141.6  —653.0 -652.0 —0.15
6 —5453.3 635.6 —24925 2315.2 703.8 7029 -0.13
7 —-20093.0 —806.1 —13800.0 12586.0  —779.3 —780.8 0.20
8 14851.0 645.2 3714.6 —5458.1 587.1 586.2 —0.16
9 6159.9 —7050.7 2259.4 3737.2 1368.6 1368.8 0.02
10 4337.8 —818.9 2189.4 —21660.0 —17239 —1719.7 —0.25
11 3632.2 1278.7 2620.7 —4394.2 825.5 8235 —0.25
12 3331.2 691.4 3636.5 2481.5 4125 412.2 —-0.06
13 3216.2 5673.4 5872.2 11602.0 1344.7 1352.7 0.60
14 3206.9 —889.6 12262.0 —2595.1 —896.0 -8926 —0.38
15 3251.4 —6485 84582.0 —2866.3 -636.3 -6353 —0.15
16 3316.0 —785.4 —24571.0 —23885.0 —948.6 —-948.9 0.03
17 3389.8 —1335.6 —12587.0 4339.4 —33034  —3336.2 0.98
18 3469.3 —4075.7 —9289.5 2652.8 3203.1 3159.7 —1.37
19 3547.1 7432.6 —7825.0 2347.3 1399.2 1390.6 —0.62
20 3649.5 2873.6 —7043.9 2369.8 1108.6 1103.6 —0.46
21 3811.9 2686.6 —6594.6 2509.2 1134.5 1130.0 —0.40

8 rom CSE calculations with indicated single dissociative channel.
bFrom CSE calculations with four simultaneous dissociative channels.
“10q g5~ 1/2 (1) 1ag".

2. Asymmetry tively. Inspection of these figures shows clearly that the line-

It is of interest to assess the relative importances of théhape asymmetry is dominated by the contribution arising
two factors suggested in Sec. Il to contribute to the effectivdrom interactions between the resonance of interest and other
asymmetry of the predissociation line shape 1(q®™).  resonances, with a smaller contribution arising from the en-
Therefore, a comprehensive study was performed for th€rgy dependence of the width parameter for the dominant
case of SR predissociation by each single, inactive conresonance. The sums of these two contributions provide ex-
tinuum. cellent descriptions of the exact CSE asymmetries for each

First, the role of the width-parameter energy dependenceurve crossing. Thus, perturbative Cl calculations have pro-
discussed in Sec. Il B was investigated by evaluating thevided significant insight into the causes of line-shape asym-
energy-dependent matrix elemenfs, and estimating the metry that is not attainable from the CSE calculations di-
corresponding contribution #)q®" using Egs(5) and(18),  rectly.
respectively. Second, in order to assess the role of the inter- It might be thought that the small degree of asymmetry
actions between resonances described in Sec. Il C, the pdnvolved in systems that are weakly coupled to optically
turbation sum in Eq(24) was evaluated to give (ﬂqﬁ‘l inactive continua would be insufficient to be observable
using the same couplings and transition moments employeexperimentally. This is not the case. The most asymmetric
in the CSE calculations, together with bound and energySR resonance occurs fer' =12, with g=+412.5 (multi-
normalized continuum wave functions appropriate to the relchannel CSE calculation, see Sec. Il B Bnplying a stron-
evant diabatic potential-energy curves. In order to evaluatger blue wing. An asymmetry of this sense has been shown
12" correctly, it was necessary not only to perform theto occur in the experimental 79 2,0 SR-band cross sec-
sum over all discrete levels of tH state, but also to inte- tion of Yoshinoet al. [34] by Lewis et al. [12], the effect
grate over thé-state continuum. Finally, both of these con- being clearly observable within 200 FWHM of the bandhead.
tributions to 16" were compared with values resulting from Of course, at greater detunings, where the IRA and NIRA
zero-background Fano-profile fits to the corresponding exadireak down, the Fano profile becomes
single-channel CSE calculations. inapplicable. In the case of tH&2,0 resonance, CSE calcu-

These results are shown in Figs. 2, 3, 4, and 5, for predidations [12] show that additional interference effects cause
sociation by the®s, |, °I1,, MI,, and I, states, respec- the blue wing to become significantiyeakerthan a Lorent-
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TABLE VI. Verification of the 14°" sum rule for theB®S | — X33 (v,0) bands of Qin the case of an

optically active®II,, continuum. The effective profile indices are from constant-background Fano-profile fits

to CSE line shapes.

Ta:3nu:O.3 a.u. To=311,= 1.0 a.u.

v a=°2 13,(1gMP ¢ % Difft? o=°112 13,(1g™P g c % Diff.d

0 311.2 286.5 286.5 —0.01 84.2 82.3 82.3 —0.01

1 334.9 240.2 240.1 —0.04 88.8 80.4 80.3 —0.20

2 358.7 401.1 401.5 0.10 93.9 96.6 96.6 0.01
3 379.6 231.9 231.9 0.02 99.5 85.2 85.2 —0.09

4 396.4 194.4 194.4 —0.01 105.4 82.6 82.4 —0.23

5 409.6 814.5 816.4 0.23 111.9 129.5 129.5-0.03

6 421.1 251.3 251.2 —0.03 119.1 100.0 100.0 —0.04

7 433.0 929.4 928.1 —0.14 127.1 150.8 150.7 —0.07

8 447.8 258.4 258.3 —0.06 136.3 1115 111.4 —0.04

9 466.5 368.8 368.9 0.03 146.8 1355 135.5 0.02
10 490.8 815.2 816.6 0.17 158.8 182.3 182.4 0.05
11 520.4 349.9 349.6 —0.09 172.4 148.4 148.4 —0.04
12 554.9 254.7 254.6 —0.03 187.2 133.9 133.9 0.00
13 593.2 472.0 473.1 0.23 203.0 186.6 186.8 0.11
14 633.6 6648.9 6866.8 3.17 219.1 318.9 319.5 0.20
15 673.8 -2531.8 —25125 —0.77 234.9 420.4 421.2 0.19
16 711.4 20012.3 20156.7 0.72 249.5 376.9 377.2 0.06
17 745.0 1343.2 1339.1 -0.31 262.4 311.2 311.1 —0.03
18 774.3 760.2 758.1 —0.28 2735 271.7 2715 —0.06
19 798.2 593.3 591.9 -0.23 282.4 251.6 2515 —0.06
20 818.4 540.6 539.5 —0.19 289.3 244.8 2447 -0.05
21 835.9 550.8 550.0 —0.16 294.3 248.9 248.9 —0.04

%From CSE calculations with single, optically acti¥#l, dissociative channel.

bEffective profile indices for the single, optically inactivél,, 'II,, and 33 channels are as in Table V.
°From CSE calculations with four simultaneous dissociative channels, onSITpehannel being optically
active.

100 a5~ 1/% (15 Ve

zian wing in this region, opposite in sense to the near-wingngs agree with those of Sink and BandrddB] who found,
asymmetry. at a somewhat lower level of precision, that the SR predis-
sociation could be treated as the sum of four isolated curve
crossings, thus belonging to the weak-coupling limit.
Corresponding fitted single-channel and multichannel ef-
fective Fano profile indices are summarized in Table V,

3. Sum rules

In order to verify numerically the sum rules given in Sec.
[I D, the multichannel CSE calculations used in Sec. llIB 1
were compared with appropriate single-channel caIcuIationsqerP e . . o
Line-center energief35], FWHM line widths, andg®" val- sall [36] arising ultlmatgly from the _rap|dly qscﬂlatmg
ues were then determined from the calculated single-channeyVidth matrix elements” in Eq.(24) which describes the

and multichannel SR-resonance cross sections by |ea5@jfects of interactions with other resonances. In the case of

squares fitting constant-parameter Fano profiles. the (0,0) and(1,0 resonances for the singf& | dissociative
Single-channel and multichannel predissociation linechannel, the calculated lines were so narrow that the Fano-
widths and energy shifts, resulting from zero-backgroundProfile fit failed to give an accuratgg, . These resonances
Fano-profile fits for the case of optically inactive continua, may be taken to be effectively Lorentzian and not to contrib-
are summarized in Tables Ill and IV, respectively. The ente to the asymmetry sum. The asymmetry sum rutg./
ergy shifts were determined by comparison with unshiftedea(lqu;“I) is validated numerically in columns 6-8 of
resonance energies obtained by solving a single-channel CSEable V, within typical relative and absolute accuracies of
for a variety of couplings, and then extrapolating to zero0.3% and 3< 10 ©, respectively, confirming the predictions
coupling. The width and shift sum rule§,,=%_,I',, and  of Sec. Il D.
A,=3,A,,, are validated numerically in columns 6—8 of lllustrative CSE calculations af* values for an optically
Tables Ill and 1V, within typical relative and absolute accu- active 3T, continuum are presented in Table VI for two
racies of 0.1% and 0.0005 crh, respectively. These find- values of the®IT,« X electronic transition moment, chosen
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so that the contribution of the active continuum to the line-cause of the line-shape asymmetry is quantum interference
shape asymmetry is comparable with the effective contribubetween the vibrational resonance of interest and other reso-
tion due to interactions with other resonances, and dominantiances, with energy dependence of the width parameter for
respectively, while still ensuring that the overall asymmetrythe dominant resonance providing a secondary contribution.
is small. The single’Il,-channel and multichanng®™ val-  In addition, a sum rule for the corresponding line-shape
ues in Table VI were determined by fitting constant-asymmetry & 1/g%", whereq® is the effective Fano-profile
background Fano profiles to the corresponding CSE linéndeX has been derived for this type of predissociation in the
shapes. Two interesting observations follow from the result€ase of multiple continua. Using single-channel and mul-
in Table VI. First, the singleXl],-channel and multichannel tichannel coupled Schdinger-equation calculations for the
g reversals present in the case of optically inactive continu&chumann-Runge band system of, Ghese findings have
(Table V) disappear rapidly as the optical activity is in- been verified numerically. Finally, similar line shapes and
creased. Thus, the characters of the asymmetry variatiorsim rules have been found to apply in the case of weak
with v due to the inhereng value, arising from the active predissociation by optically active continua.
continuum, and due to the effective contribution, arising The results suggest that modeling of the cross sections of
principally from interactions with other resonances, areband systems predissociated by optically inactive continua
qualitatively different. Second, the asymmetry sum rule ismay benefit from the use of the Fano rather than the Lorent-
also verified in this case of an optically active continuum,zian line shape, especially in cases where the experimental
within accuracies comparable with the optically inactive caselata to be fitted are of high precision and cover a wide dy-
in Table V. namic range, i.e., the application is sensitive to the more

Hence, while it is impracticable to attempt a comprehen-distant line wings. Of course, if it is necessary to consider the
sive numerical verification, it appears that a third sum rulefull range of energy between vibrational resonances, then
relating to the asymmetry, or inverse effective Fano-profilethere is no substitute for full CSE modeling of the cross
index, must be added to the well-known width and shift sumsection[12].
rules in cases of weak predissociation by either optically in-
active or optically active continua.
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