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Abstract

An ab initio study of the ns, np, nd. nf and ng Rydberg series of NO above a number of ionisation thresholds is
presented. Calculations of the eigenphase sum of electron scattering by NO™, using a non-adiabatic R-matrix method. arc
used to obtain vibrationally resolved positions and widths of NO autoionizing states. The complex quantum defects of the
resonances are used to identify the Rydberg series, and these are separated according to the vibrational state of the target.
Comparisons are made with experimental studies of this system. © 1998 Elsevier Science B.V.

1. Introduction

Rydberg states of molecules have excited much
recent experimental interest, stimulated in part by the
development of sensitive spectroscopic techniques
which probe these high-lying electronically excited
states. NO is particularly favoured for studies of this
kind due to its high ionisation potential and the high
electronic excitation energy of NO*. It has thus
become the benchmark molecule for many experi-
mental studies. Some of the Rydberg states of NO lie
in its continuum and a number of experimental stud-
ies have concentrated on their rotational and vibra-
tional autoionisation [1-6]. Vibrational autoionisa-

tion is a process that arises through the coupling of

the electronic and nuclear motion in the molecule
and, consequently, relies in the breakdown of the
Bormn-Oppenheimer approximation. Furthermore, Ry-
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dberg states also interact with valence states. This
leads to competition between autoionisation and pre-
dissociation [7,8].

Theoretically Rydberg states ot NO also make a
good benchmark since the NO ' core has a closed
shell. However there has been considerably less the-
oretical work. Autoionisation of NO Rydberg states
has been studied using multichannel quantum defect
theory (MQDT) [8.9]. but we arc not aware of any
direct ab initio calculations besides our own [10,11].

In this work. we present resuits on vibrational
resolved autoionizing Rydberg states of NO between
the ¢ =0 and ¢ =35 wvibrational states of
NO*(X'3"). This is done by using the R-matrix
method to investigate the elastic cattering of elec-
trons by NO ™.

2. Theory

We employ the UK molecular R-matrix package
[12]. In this implementation, the coupling between
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nuclear and electronic motions is inciuded in the
model through a non-adiabatic approximation [13]
introduced by Schneider et al. [14]. This approxima-
tion takes, as starting point, the R-matrices at several
internuclear distances. These were calculated by us
previously [11]. The R-matrices were obtained using
a close-coupling expansion that included the 12 low-
est NO™ target states which were represented using a
configuration interaction (CI) expansion. Inside the
(15 a,) R-matrix sphere, the continuum was repre-
sented using (600, 577, 548) numerical functions:
further terms were added to the CI expansion to
account for correlation and orthogonality relaxing
effects. Full details of the construction of the target,
continuum and system wavefunctions can be found
in [11].

The implementation of the non-adiabatic R-matrix
method has been described by Gillan et al. [13], so
we only summarise the main ideas. As in the ‘fixed-
nuclei’ R-matrix method, configuration space is par-
titioned in two regions. The internal region is the
hypersphere defined by 0 <r<a and A <R<
A, being r the coordinate of the scattering elec-
tron and R the internuclear distance. A;, is used to
exclude the singularity of the nuclear repulsion and
A, is big enough so the vibrational functions con-
sidered have negligible amplitude for R > A .

In the internal region, the Hamiltonian (LZ°) in-
cludes the nuclear kinetic energy operator (7). the
electronic Hamiltonian of the N+ 1 system (H,, )
and the Bloch operator (L, ,) to ensure Hermiticity.
This Hamiltonian is diagonalized in the basis

0L=lei(Ro)§,(R)Y,,k ()
i

where ¥, is the fixed-nuclei electronic wavefunction
[11] and ¢; is a set of Legendre polynomials, 75 in
this work, used to describe the nuclear motion. This
basis is diabatic because it does not diagonalise

H, ., (except at R =R,) but has the advantage of

commuting with 7,, which greatly simplifies the
diagonalisation of .# [13].

In the external region, the wavefunction is ex-
panded as:

6= Zd)ir/;iIFH‘( rN+ I)Yljml(f.N+l)Xu( R) (2)

iji

where ¢, are the target electronic channels, y,;, the
target vibrational channels and F;. monoelectronic
radial functions. The matching of the internal and
external wavefunctions in the hypersphere surface
and the use of the asymptotic boundary conditions in
F,,, as in the standard R-matrix method, leads to the
calculation of the collisional parameters and, in par-
ticular, the eigenphase sum.

The potentials for the nuclear motion are provided
by the R-matrix poles calculated in [11]. 14 geome-
tries are included in the calculation with R between
A, =1.606 and A, = 2.835 q,,.

The inner region calculation included 12 target
states, but only the NO* ground state is retained in
the outer region. This produces negligible differences
in the position and autoionisation widths of the
Rydberg states, as demonstrated in [11]. Howeve:,
predissociation widths of Rydberg states requires
interaction with valence states and the inclusion cf
the nuclear continuum in the calculation. This is
possible in the R-matrix formalism but would re-
quired further calculations that we have not ai-
tempted.

The vibrational states of the target, x,,. are ot-
tained using the program LEVEL [15]. This solves
numerically the radial Schrodinger equation in the ab
initio NO*(X ' *) potential of [11]. The vibrational
thresholds obtained are given in Table 1; they agree
within a few meV with experimental photoionisation
data [6].

In this work, we calculate eigenphase sum fcr
energies between the levels ¢=0 and =35 cf
NO*(X'S*) (0 to 1.36 eV). Resonances in the
eigenphase sum have been fitted to a Wigner-Breit
profile using the program RESON {16] to obtain
their position (E,) and width (I"). The complex
quantum defects (pw=a+i8) of MQDT theory

Table |
Vibrational thresholds of NO™ (X 'Y ") obtained in the ab inito
potential of [11]

v E (eV) Ref. [6])
[ 0.288 0.290

2 0.572 0.576

3 0.852 0.859
4 1129

s 1401
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[17,18] were obtained from these data using the
relations

1 2B
_—, I= —
(n-a)’ (n—a)
where all energies are in Rydbergs, E, is the thresh-
old to which the Rydberg series converges and # is

an integer representing the principal quantum num-
ber of the Rydberg electron.

E=E—-&e=E—

(3)

3. Results
3.1. Eigenphase sums

Eigenphase sums were obtained for the total sym-
metries “3*, °IT and 7A. Fig. | presents the eigen-
phase sum obtained for the ‘A total symmetry. Simi-
lar plots to this one have been drawn for the cases of
’S* and “II total symmetries. The grid of energies

used in the plots is 1 X 107" eV; as most of the
resonances studied are narrower than this, they ap-
pear as discontinuities rather than jumps by 7. The
energy range studied is divided in 5 subranges by the
NO™ vibrational thresholds. The energy scale is the
same in each subrange and the thresholds line up
vertically on the right hand side of the panels. In this
representation, members of a Rydberg series with the
same » but associated with different vibrational
thresholds align vertically. The fact that they move
little between panels shows that the dependence of
their quantum defects on the vibrational state is
small.

In NO*(X'S*), AE, =0.0213 Ryd, so, from Eq.
(3) we have that £ <AE when n> 6.85+ a. For
the series with />3, o is small (<0.05|, see be-
low), so Rydberg states with n < 6 do not appear as
autoionizing states in the series converging to ¢ = |.
In the bottom panel of Fig. 1, we indicate the value
of n after identification of the Rydberg series based
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Fig. 1. Eigenphase sums for elastic electron-NO*(X s scattering with total symmetry “A. Numbers in the bottom panel indicate the
principal quantum number, 7, of the & series of resonances converging (o NO " (X 'S*. ¢ = 1). Vibrational thresholds are aligned vertically

on the right hand side of the panels.



108 1. Rubudan et al. / Chemical Physics Letters 285 (1998) 105-113

on the quantum defect « obtained with Eq. (3) and
comparing with values obtained in [10,11], where a
partial wave analysis above threshold gave the /-
composition of the series.

The strongest series of resonances is the f{4.
Accompanying this one, at slightly lower energies. is
the d & series (not visible in the series converging to
v =1). Low-n (< 6) resonances associated with one
vibrational threshold appear below a lower one. Some
of these low-n resonances are identified in the panels
with labels. Thus, in the lowest panels. resonances
5dé and 56 to the v + | threshold appear between
7f6 and 8f6 to the ¢ one, and the 6d.t&6(c + 1)
resonances are between 11,12f8( ).

In the experimental autoionisation spectra ob-
tained by Ono et al. [6], the d& series appears at
lower energies than the f&. Ono et al. recognised that
the assignment of these series was uncertain because
they always lie close to each other. Our calculations
support Ono et al.’s assignment.

In the following subsections, we present quantita-
tive information for the "3, *IT and "\ resonance
series. A convenient way of doing this is by plotting
the quantum defect (the real part, a, and the imagi-

nary part, 3) as a function of the Rydberg energy &

(Edlen [19] plots) of Eq. (3). These plots are com-
pared with results from [I 1] at R = 2.173 q,, that do
not include nuclear motion effects, and experimental
results where available.

3.2. Series ns

Fig. 2 presents Edlen plots of @ and B for the ns
Rydberg series. For this series « shows little depen-
dence on ¢, but B clearly increases from the series
r=12t0 v=3and to r=4,.

As shown in (3). 8 is related to the width of the
resonances. We illustrate this relationship in the
figures by plotting lines of constant width. The
resonance width found for these series is in between
10 ° and 107° eV. Our results show that B8 in-
creases with n and the resonances fitted show an
approximate constant width as »n increases.

Anezaki et al. [4,5], have measured the quantum
defect of the ns Rydberg series to ¢ = | from au-
toionisation spectra. The values, between «a = 1.1
and a = 1.2 for members between n = 8 and n = 15,
and, in particular, «,, = 1.16. As seen in Fig. 2,
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Fig. 2. Edlen plots of the real () and the imaginary ( 8) quantur:
defects for the s Rydberg series of NO. The vibrational limits

NO* (X 'S*.0). of these series are: 70 ;= 1; O ¢=2; & ¢ =2
A =4 and = =35 Solid linked triangles correspond to
fixed-geometry calculation at R = 2175 . In the upper panci.

numbers indicate the principal quanium number n of the Rydber
states. In the lower panel, three lines represent constant resonart
width with values indicated in peV

these values are in agreement with our results. How-
ever, while our « increases with n, theirs decrease.

3.3. Series np

Fig. 3 displays « and B tor Rydberg series per
and p7. In the po series, with the exception of the
series to ¢ = 2, of which only three members could
be fitted, both @ and B show a strong dependence
on . This dependence is largely monotonic, al-
though the widths of the po series to v =35 are
between those to v =3 and =4, The pw series
show a weaker and more mixed dependence on .
except for the « values of the series to = | which
are lower than the others.

In Fig. 3, it is apparent that the series of reso-
nances do not follow the lines of constant width but.
approximately, a linear relation between B and €, as
predicted by standard MQDT | 17]. Resonance width:
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Fig. 3. Edlen plots of the real («) and imaginary ( 8) quantum defect for the po and pm Rydberg series of NO. Symbols and numbers are

as in Fig. 2.

in the p series vary between 10~* and 10 eV. The
fact that B is almost constant indicates that they get
longer lived as n increases, as observed experimen-
tally [5]. Our calculations show good agreement with
experimental values in Fig. 8 of [4] (ozp,r =0.72,
a,, = 0.65).

The width of the first members of the p series of
resonances to ¢ =1 have been determined experi-
mentally by Anezaki et al. [S]tobe =3 X 107* eV.
Using the experimental values of «, we can estimate
values of B: By, =68, By, =77, By, =97, By}, =
98. Our results for p7r series to v = | are a factor of
two smaller. This disagreement is not surprising
since this is a case where predissociation determines
the width of these states [5,8], and a good description
would required the explicit inclusion of NO ™ excited
states in the outer region calculations and the nuclear
continuum.

3.4. Series nd
Fig. 4 shows Edlen plots of the series do, dm

and dé. The d7 and d& series show a clear depen-
dence on v. The same, although less clear, occurs in

the do series. For the d series, as in the p series, 3
is almost constant with »n and increases with v.

Our results show that the d7 and dé series have
similar widths (between 1077 and 107° eV), while
the do is broader (1074 to 10"~ eV).

3.5, Series nf and ng

Fig. 5 displays the series f¢ and 8. Both show a
clear progression in « as v increases. In the £ case,
it is noticeable that « is negative for the series
converging to ¢ = 1, in contrast Lo the positive value
for the same series below other thresholds and the
fixed-geometry results. Indeed, the & series crosses
higher-/ series as it moves from negative to positive
values of « as ¢ increases. These crossings make
fitting the resonance difficult as the higher-/ series
appear within the width of the & resonances. The
automatic fitting with RESON was completed and
corrected with the more manual time-delay method
[20].

The f8 series to v = | shows the biggest widths.
Our results show that 3 decreases for ¢ odd and
increases for ¢ even, approaching the widths, in both
cases, of the series to v = 5.
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Fig. 4. Edien plots of the real (a) and imaginary { ) quantum detect for the dor. d7r and d & Rydberg series of NO. Symbols and numtbers

are as in Fig. 2,

Experimental values for the series to ¢ =1 are
@5 = 0.015 [5], which agrees qualitatively with our
values for ¢ > 1.

Fig. 5 also gives Edlen plots for the go series.
This series shows strong dependence on ¢, especially

for B. Series to =2 and =3 show a similar
behaviour in « but differ strongly in 8. This series
also shows a great dependency of both widths and
positions on n. Finally, we note that resonances with
[ > 4 were all very narrow.
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3.6. Branching ratios of db and fd series

Autoionisation branching ratios for the dé and o
series were calculated using the time-delay method
[20] in order to compare with the experiment of
Achiba and Kimura [3]. Our results are shown in
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Table 2

Autoionisation branching ratios of the d and t Rydberg series of
NO(A,L) to NO*(X'S* %) thresholds. Notation in the reso-
nance column is n/A(r)

Resonance ¢™ =0 %= et =2 =3 ot

8d56(2) 0.286  0.714
9d 5(2) 0.399 0.601
10d 6(2) 0.347  0.653
11d8(2) 0523 0477

8d8(3) 0.129 0.006 0.865
9d8(3) 0.274 0.031 0.694
10d 6(3) 0.405 0.065 0.529

8d5(4) 0.002 0.071 0.012 0915
9d 6(4) 0.002 0.166 0.027 0.805
10d 6(4) 0.001 0.232 0.031 0.731

8d 8(5) 0.009 0.003 0.083 0.047 0.858
10d 8(5) 0.035 0.013 0.166 0.035 0.751

8f5(2) 0.867 0.133
9f8(2) 0.871 0.129
10f8(2) 0.858 0.142
11f8(2) 0.764 0.236
12£8(2) 0.801 0.199

8f5(3) 0.553 0.431 0.016
9f6(3) 0.556 0.432 0.012
10£8(3) 0.550 0.438 0.012

9f6(4) 0.323 0.146 0.296 0.235
10f5(4) 0.382 0.169 (.349 0.100

9ra8(5) 0.152 0.729 0.001 0.083 0.033
10f5(5) 0.151 0.726 0.001 0.091 0.032

autoionisation route for the d 8(4) series is via the B’
A valence state and results mainly in population
v =0. We find Av = — 1 as the dominant autoionisa-
tion route, hence a dominating vibrational coupling
between Rydberg states and ionisation continuum.
We note that our outer region calculation omits
electronic coupling to B' A, which could be signifi-
cant.

4. Conclusions
Non-adiabatic R-matrix calculations of resonance

widths and positions for the autoionizing Rydberg
series of NO converging to the first 5 vibrational

thresholds of NO*(X 'S™) have been presented for
the total symmetries “3*, “II and “A. The dependen:e
of the series on the vibrational state of the target ()
is generally small (between 0.002 and 0.02, or 0.1%
and 5%) in the real part of the complex quantum
defect (@), while the imaginary part ( 8) can change
by an order of magnitude between series to ¢ =0
and ¢ =5 (examples are series do, fo, po. dw).

The autoionisation widths of the resonances varizs
between 10 ° to 10 * eV, depending on the symme-
try of the series and the vibrational state of the
target. Short lived resonances are seen in series p and
f, while s and d are longer lived. NO has a large
quadrupole and, if the quadrupole plays the main
role in coupling the Rydberg states with the contin-
uum, p and f on one hand and s and d on the othzr
show similar widths. None the less, the width of the
resonance decreases as the principal quantum nur-
ber n of the Rydberg state increases; resonances with
low n (< 10) show autoionisation widths close (o
107 eVv.

In all cases, the non-adiabatic calculations and the
fixed-geometry results of [11] are close, as can be
expected due to the small dependence of the quai-
tum defects a on the bond length (see Fig. 9 of
[11]). There is also qualitative agreement with exper-
imental results in [4-6].

For the dé series, it was found that the Ar = — 1
propensity rule seems to be valid, but not for the {8
series. Our results are not compatible with a
Franck—Condon based selection rule [3] for branch-
ing ratios. However, this could be an artifact of our
calculation due to the omission of excited targat
states in the outer region calculations.
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